NASA CR-134964.... .
MDC-J7708
!
b EFFECT OF FORWARD MOTION ON ENGINE_NOISE
(NASA-CR=~134954) EFFECT OF FORWA
Do TR ‘ ' RD MOT -
ON ENGTNE NOISE (Douqlas Aircraft Co. ]I::gg ) N78-10093
1% p HC AYY/UF AL C;'SCL "(.)A
: Unclas
ﬁ 33707 50826
By G. L. Blankenghip, J. K. C. Low, J. A. Watkins, and J. E. Metriman X
: '
- Douglas Aircratt Company
McDorinell Douglas Corporation
& Long Beach, California 90848
T Prepared for
o8
. NNASN
:: National Aerohautics and Space Administration
' NASA Lewis Rassarch Center T
: & N \;?‘\'\(» Ce . :7' ‘\:(‘.\‘
Contract NAS 3-20031 P s S N
October 1977 'I“" el B ' i
’\ prosived ﬁ.’
Dooane
\:ﬁ»i,: 4; “ (L( \W
S NVPLR I
! 4 { .
¢ I




I AT T T

1. Report No. 2. Government Accession No.

NASA CR-134954

3. Rucipient's Catalog No.

6. Report Date
October 1977

4. Title and Subtisle
EFFECTS OF FORWARD MOTION ON FNGINE NOISE

8. Performing Organizstion Code

7. Author{s}
G. L. Blankenship, J.K.C. Low, J. A, Watkins, and
J. E. Merriman

8. Performing Organization Report No,

MDC-J7708

10, Work Unit No,

8. Pertorming Organization Name and Address
Douglas Aircraft Company

McDonnell Douglas Corporation
3855 Lakewood Boulevard

11, Contract or Grant No.
NAS 3-20031

Long Beach, California 90846
13. Type of Report and Period Covered

12. Sponsoring Adency Name and Address

National Aeronautics and Space Administration Contract9r Report
Washington, D.C. 20456 14. Sponsoring Agency Code

15, Supplementary Notes

Project Manager, Eugene A, Krejsa, V/STOL and Noise Division, NASA
Lewis Research Center, Cleveland, Ohio

16. Abstract

A study was conducted to determine a proceduré for correcting static engine data for the effects

of forward motion. Data were analyzed from airplane flyover and static-engine tests with a JT8D-109
low-bypass-ratio turbofan engine installed on a DC-9-30, with a CF6-6D high-bypass-ratio turbofan
engine installed on a DC-10-10, and with a JT9D-59A high-bypass-ratio turbofan engine installed on a
DC-10-40. The observed differences between the static and the flyover data bases are discussed in
terms of nojse generation, convective amplification, atmospheric propagation, and engine installation,
The results indicate that each noise source must be adjusted separately for forward-motion and
installation effects and then projected to flight conditions as a function of source-path angle,
directivity angle, and acoustic range relative to the microphones on the ground.

17. Key Words (Suggested by Author(s)) 18. Distribution Statement

Jet noise Forward Motion
Core noise Engine installation
Fan noise Excess attenuation

Turbine noise Noise generation
Nonpropulsive noise Inlet distortion
_Convective amplification

19. Security Classif. (of this report) 20. Security Classit. (of this page) 21. No. of Pages 22, Price’
Unclassified Unclassified 198

“For sale hy the National Techmical Information Service, Sprngfield, Virginin 221451

NASA-Cnv (s -1




i SR ST —
—
——
-——r
e d
I—
-
-

LR

g CONTENTS
% Pdage
:Z;'. ]' SUMMARYQ0000'00'0'"000'00"00‘00'00000'00"000000000000000000000 ‘
Ei 20 INTRODUCTIONO‘0“0'00000‘0'0'00000000000'.0000'0'000'000'00000!" 3
" 3. TECHNICAL APPROACH. .« vvessurveesnnaasenneessunasssumessnnseoneees 5
g; . 3.1 Test Configurations and Programs....c.ceeeeeecerserereonenes 5
ﬁ 3.2 Procedures for Separating Engine Noise SoUrceS...cveecvonsns 6
‘ . 3.2.1 Separation of low-frequency noise componénts from
measured data....oecermssmmoscoocssrrrsnsoecarscsnee 7
3.2.2 Comparisons of static and flight low-frequency noise.
L 3.2.3 Separation of static jet- and core-noise components.. 8
‘ﬁ_ 3.2.4 Separation of flight jet- and core-noise components.. 10
' 3.2.5 geparation of turbomachinery noise from static-engine
ata".ot"b‘000600‘000000000‘000..00.000‘00000000‘.0 11
3.2.6 Separation of turbomachinery noise from flyover-noise
datao00000000000.‘0.000000.‘00'0OOQQO000000000000600. 14
3.3 Definition of Static-to-Flight Differences.......eceecverene 15
3.3.1 Jet and core Nofse..ceeeevevereenenasaceeeees cereneas 15
3.3.2 Turbomachinery NOiS@.....ceceevevruanconnarrnornnnnes 15
3.4 Corrections for the Effects of Engine Installation and
Atmospheric Propagation.....coeeevercrcrsrerorneneranocnerees 17
3.4.1 Engine-installation effects....cccocecovumenocees ceenn 17
3.4.2 Propagation effects - excess attenuation......coeeevee 17
. 4., DISCUSSION OF RESULTS..ecuvuvevscscconanoncnnns Ceeseesretasieeaas 27
4.1 Effects of Forward Motion and of Engine Installation on
N Jet" and COf'e NOiSQ......................................... 27
4.1.1 Static-to-flight comparisons of JT8D-109 data........ 27
4.1.2 Static-to-flight comparisons of JT9D-59A data........ 29
4.1.3 Comparison with proposed ANOPP method...ocvvenenennen 3N
4.2 Effects of Forward Motion, Propagation, and Engine
Installation on Turbomachinery Noise....coevevreeenennennnen 32
4.2.1 Engine-installation and propagation effects.......... 32
4.2.2 Effects of forward motion........ PN 34
4.2.3 Interpretation of Static-to-Flight differences....... 36
4.2.4 High frequency spectral differences........coeevvevees 44
i




CONTENTS - (Contluded)

5. STATIC-TO-FLIGHT CORRECTION PROCEDURE...evvvverevusnrsrsnonannss
6. CONCLUSIONS cowwmesssevuacsnnosnsosnsascnnnonnssnnsssassrnsoeassnns
7o SYMBOLS..uuseeeenerennososoossosnnsssoossonssnsssassornasssosses
REFERENCES . svvuvveeemesernoesssoseriransomesorsesssscossmonsssoses

TABLESQ‘.5.0000000‘.QCOOOO00000‘0000’.‘0‘0000’0.‘.000‘.0‘.‘.0.000000

FIGURESOOO 000000000 G000 0000000000000 ee 00000 S0 000N OISLOEIOLEILIOE LRI N Y

ii

Page
a7
49
63
55

59

66




1. SUMMARY

A study was conducted to determine & procedure for correcting static-
engine data for the effects of forward motion. Data were analyzed from air-
plane-flyover and static-engine tests with a JT8D-109 low-bypass-ratio turbo-
fan engine installed on a DC-9-30,with a CF6-6D high-bypass-ratio turbofan
engine installed on a DC-10-10,and with a JT9D-59A high-bypass-ratio turbofan
engine installed on a DC-10-40. The observed_differences between the static
and the flyover data bases are discussed in terms of noise generation, con-
vective amplification, atmospheric propagation, and engine installation. The
results indicate that each noise source must be adjusted separately for
forward-motion and installation effects and then projected to flight conditions
as a function of source-path angle, directivity angle, and acoustic range
relative to the microphones on the ground. In order to investigate the effect
of forward motion on jet noise, other low-frequency sources such as core
noise, nonpropulsive noise (airframe-generated noise), and jet-flap-inter-
action noise must be considered. High-frequéency noise measured on the static-
test stand and projected to flight must be adjusted for an additional source
of atmospheric absorption, excess attenuation. The level and the directivity
of the fan tone at blade-passing frequency generated under static conditions
must be corrected for the reduced level of turbulence in flight and for the
change in the modal constituents of the source. At frequencies equal to and
greater than the fan-blade-passing frequency, the increased flight levels of
turbine noise must be considered.
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2. INTRODUCTION

The accurate prediction of airplane flyovér noise levels has become
important in the evaluation of noise-reduction features for both present ard
future aircraft designs. Engine noise can be reduced by using aero-acoustic
design feéatures to reduce the intensity of generated noise at the source and
by using acoustic treatment to reduce the intensity of noise propagating
through the engine ducts. With the many possible tradeoffs for meeting
specified in-flight noise goals, each noise-reduction feature must be evaluat-
ed against the potential penalties in weight, performance, and cost that it
would impose on the engine/airframe system. An accurate definition of the
engine noise sources (jet, core, fan inlet, fan discharge, and turbine)
relative to the total engine and airframe flyover noise levels is therefore
essential in order to properly assess noise-reduction features and require-
ments.

An important conéideration now is the effects of forward flight and
engine installation'(on the airplane)on flyover noise, and whether flyover
noise can be predicted accurately by using static-noise measurements or
wind-tunnel-simulated flight-noise measurements. It is now widely recognized
that forward motion and engine installation alter the mechanisms of noise
generation and propagation (refs. 1 through 14). Contradictory results have
been noted for the effects of forward motion on the low-frequency jet noise
Tevels (refs. 1 through 6). The lower flight levels in the aft quadrant
were consistent with predicted relative-velocity effects, but small decreases
and even increases in the inlet quadrant were not. The changes were not
constant with angle (directivity angle relative to the inlet centerline), as
had been assumed in earlier prediction methods. The increased levels in the
inlet quadrant were neither observed in model-jet flight simulation (refs.

15 through 19) nor predicted on the basis of classical jet-noise theories.
References 6 and 20 have shown that the discrepancy can be reconciled by
taking into consideration the contributions from other low-frequency noise
sources, such as core noise and shock-cell noise. Comparisons of fan noise
levels (refs. 6 through 14) have shown that the high-frequency levels are
significantly reduced during flight compared with the noise generated static-
ally. The difference was due to the lower level of the fan fundamental tone
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in the flight spectra and to the lower lével of the flight fan spectra relative
to the static-projected fan spectra for frequencies greater than the funda-
mental blade-passing frequencv. However, turbine noise lévels were shown to be
lower under static conditions. The results suggested (1) that the machanism

of fan-nois¢ generation and the resultant modal structure of the sound field
propagating in engine ducts was different under static and under flight con-
ditions, (2) the method that had beén used to project static engine data to
flight conditions did not properly account for the propagation of high-frequency
noise through the atmosphere, and (2) the mechanisms of turbine noise propa-
gation was different under static conditions. As a result, the evaluation of
noise-réduction features that uses static-engine data projected to flight con-
ditions may be inaccurate unless the static-to-fiight differences (differences
required to correct static-projected levels to the flyover noise levels) and
correction procedures aré known. The prediction method therefore depends on
(1) proper identification of static<engine noisé source levels, spectra, and
directivity and (2) adjustment on a noise-source basis of the data for the
effects of engine installation, propagation, and forward motion.

This report discussés the procedures used to identity, separate, and
correlate static-engine and flyover noise sources. Comparisons of static-
engine-and airplane €lyover noise are based on results of tast programs with
a JT8D-109 low-bypass-rati- turbofan engine installed on a DC-9-30, with a
CF6-6D high-bypass-ratio tur.ofan engine installed on a DC-10-10, and with a
JTID-59A high-bypass-ratio turbofan engine installed on a DC-10-40. The
observed differences between static and flyover data bases are discusced in
terms of noise generation, convective amplification, atmospheric propagation,
and engine installation. The objectives of this study are (1) to define the
effects of forward motion on static-engine noise levels and (2) to develop
methods of adjusting the static-engine data for the effects of forward motion
and engine installation.

This study was conducted by the Douglas Aircraft Company, a division of
the McDonnell Douglas Corporation, under contract to the NASA-Lewis Research
Center (NAS-20031).
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3. TECHNICAL APPROACH

This section of the report describes the selection of the static- and
the flyover-noise data bases to be used in the noise-saurce analysis, The
specific tasks were (1) to define and to separate engine-noise sources (jet,
core, fan inlet, fan exhaust, and turbine) in both static and flyover
data bases, (2) to define the differences between the two data bases, (3) to
account for the static-to-flight differences in terms of the effects of engine
installation, propagation, and forward motion, and (4) to account for the
remaining differences empirically as effects of forward motion on ctatice
engine noise levels.

3.1 TEST CONFIGURATIONS AND PROGRAMS

The flyover-noise data used in the analyses were derived from test pro-
grams that used a DC-9-30 (fig. 1) powered by two Pratt and Whitney refanned
JT80-109 low-bypass-ratio turbofan engines, a DC-10-10 (fig. 2) powered by
thrée General Electric CF6-6D high-bypass-ratio turbofan engines, and a
DC-10-40 (fig. 3) powered by three Pratt and Whitney JT9D-59A high-bypass-ratio
turbofan engines. The DC-9 program was conducted under NASA contract number
NAS3-17841 (ref. 21). The others were funded by McDonnell Douglas. A1l the
tests were conducted at the Douglas Test Facility in Yuma, Arizona. Flyover
noise data were measured with ground- and tripod-mounted microphones. Micro-
phones mounted flush with the ground beneath the airplane flight path were
used in order to minimize ground-reflection effects on the low- to mid-
frequency regions of the spectra. In addition, microphones were mounted in
both inlet and fan discharge ducts of the CF6-6D and in inlet, fan duct, and
tailpipe of the JT8D-109. References 9 and 21 describe the locations of
internally mounted microphones in the CF6-6D and the JT8D-109, respectively,
The instrumentation and the procedures used to measure and to reduce acoustical
data, engine and airplane performance data, weather data, and airplane space-
positioning data are discussed in references 14 and 21. The flyover noise data
aresented were averaged over several runs with approximately the same power
setting. Table 1 sumnarizes the flyover noise runs used in the flight data
base. The static-noise data obtained from Pratt and Whitney for the refanned
JT8D-109 and for the JT9D-59A engines were measured with 4.88m-pole microphones




(10° to 150° from the inlet) and flush-mounted ground microphanes (90° to 160°
£ram the inlet) located on a 45.7m radius, In the inlet quadrant, far which

flush data wereé not available, the static-noise data measured with a 4,88m-pole
microphane were corrected to thi levels of ground-microphone measurements by using
empirical correction factors developed from 4.88n-pole- and ground-microphone
noise data measured in the aft quadrant. Static-noise data obtained from

General Electric for the CF6-6D enginé were measured with 12.2m-pole microphones
on a 45.7n-radius. The static engine noise runs to be used in comparison with

the flight data hase are given in table 2.

Figure 1(b) shows the JT8D-109 engine and nacelle, Acoustically absorp-
tive materials were used to suppress fan noise in inlet and discharge ducts
and fan and turbine noise in the primary nozzle. Figures 2(b) and 3(b) show
the CF6-6D and JT9ID-59A wing-engine nacelles, respectively. The production
nacelle for the CF6-6D and JT9D-59A uses acoustically absorptive materials to
suppress fan noise in the inlet and fan discharge ducts. The primary nozzle
of the JTID-59A is treated to suppress turbine noise.

3.2 PROCEDURES FOR SEPARATING ENGINE NOISE SOURCES

In the following analyses, the procedures are discussed that were used
to identify, to separate, and to correlate the engine noise sources from static
and flyover noise levels. In order to use the noise-source separation pro-
cedures for static and flyover noise, the flyover noise data were corrected
to a polar-arc radius of 45.7 meters, to be consistent with the measured-
static engine data. The steps used in the correction procedure are as
follows:

1. Adjust measured flyover noise to reference weather conditions usiny
reference 22 and layered atmosphere corrections (sound-path weather at 100 ft.
intervals).

2. Determine the acoustic range and the directivity angle from the lead
engine inlet centerline at each point in the flyover-f’ 'cht-path profile.

3. Convert the flyover SPLs to 45.7m-polar noise levels by using
spherical divergence and atmospheric absorption derived in reference 22,
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4. Estimates of airplane nonpropulsive noise levels at a 45,7 meter radius
derived from measuremants of the DC-10 idle flyover noise, described in reference
23, wore subtracted on an energy basis from the flyaver data.

The noise-source definition had to account for the separate contributions of
discrete-frequency and broadband noise from fan, compressor, and turbine staqos,
as well as the broadband low~frequency noise duc to the combustion procass and
to externally generated jet noise. 1In addition, 1t was required that the sun of

the sepurated static and flyover nofse sources be equivalent to the measured
levels.

3.2.1 Separation of Low-Frequency Noise Components from Measured Data

In order to eliminate the masking effects due to ground reflections, static-
and flyover-noise data measured with flush-mounted microphones were used to
identify and to separate the low-frequency noise components from the measured
data. By using the procedures outlined above, the flyover noise data were
projected back to a polar-arc radius consistent with the static-engine noise data.
No corrections were made for the effect of jet-noise source distribution, since
the adjustments would not have been applicable to flyover and static data at jet
velocities less than takeoff velocity, where core noise becomes more prominent,
The low-frequency (50 to 1000 Hz) parts of the measured static and flyover
adjusted spectrd were assumed to be due to contributions from jet-plus-core
noise. The high-frequency (1250 to 10,000 Hz) parts of the jet-plus-core spectra
were determined by using an assumed "roll-off" vate based on inspection of measured
data at each inlet angle (see fig. 4). Roll-off rates were found to vary from
4 to 6 per octave, depending on the inlet angle (table 3). The remaining high-
frequency portion of the measured spectra was assumed to be due to turbomachinery-
noise components.,

3.2.2 Comparisons of Static and Flight Low-Frequency Noise

Figure 5 presents a typical ccmparison of flight and static low-frequency-
nofse OASPLs for the DC-9-30/JT8D-109 measured at a primary jet velocity of
221 m/sec. The figure shows little or no difference between static and flight
OASPLs in the inlet quadrant. In the exhaust quadrant, the flight levels are




lawer than the static levals, Comparison of static and flight spectra at an
inlet angle of 50° (fig, 6) shows nearly equal paak SPLs in the 315- to 1260-Hz
frequency range, which are respensible for the equal static and f11ght 0ASPLs
In the inlet quadrant of figure 6, At a primary jot velocity of 392 m/sec
(fig, 7), the flight low-frequency OASPLs are lower than the static 0ASPLs at
all angles, with the largast reductions in the axhaust quadrant.

Figure 8 shows a comparison of f1ight and static low-
the DC-10-40/0T9D-59A at a typical a
velocity of 268 m/sec). The flight levels are higher for inlet angles up to
120°.  Comparisons of static and flight spectra at an inlet angle of 50° in
figure 9 show flight SPLs higher than static SPLs, in contrast to the relative
levels for the DC-9-30/JT8D-109 (fig. 6). Another low-frequency noise source
related to the impingement of the fan-jet exhaust on the deflected flaps under
approach flight condition is thought to be responsible for the higher flight
noise levels in the inlet angles in figure 9. At a higher jet velocity
(436 m/sec) corresponding to takeoff power (fig. 10), the flight low-
OASPLs are lower than the static OASPLs at all angles. That trend is similar
to the trend observed in the DC-9-30/078D-109 at takeoff power, A1l of the
comparisons indicate the neeqd to identify and to separate
noise components from the measured lTow-frequency noise.

frequency 0ASPLs for
pproach power setting (primary Jet

frequency

the jet and core

3.2.3 Separation of Static Jet- and Core-Noise Components

The first step is to identify the individual jet and core noise spectral
components from the measured low-frequency SpL spectra.

The assumptions used
are summarized below and are illustrated in figure 11,

1. At high power settings (jet velocities above 305 m/sec), the
measured jet-plus-core noise spectra are dominated by jet noise.

2. At low power settings (jet velocities below 200 m/sec), core

noise dominates.

3. At intermediate power settings, the contributions of jet and of
core noise are about equal.




In géneral, pure-jet-noise spectra normalized in terms of 1/3-octave-band SPLs
rélative to OASPLs have been showh to correlate with the nondimensional Strouhal
paramater, fD/VJP. An axample of the correlation 1s shown in fiqure 12 for
model-scale static Jat noise at 120° from the inlet. In cantrast, core noise,
which 1s of highar fraquoncy, dots rot correlate with Strouhal number, Tt has
been shown in refdrence 24 that for a givon ongine the poak froquency and the
nomalized spactral shape arc indepondent of powor settings (1.e., primary-jet
velocities), Plotting the static JTBD-109 Yow-frequency noisd spectra versus
Strouhal number (e.g., fig. 13) shows the data for high-jet-velocity collapsed
to a single spectrum identical to the model-scale jet noise spectrun- ot the same
angle. The data for lower jet velocitics have shifted progressively to higher
Strouhal numbers; that is, they do not correélate with Strouhal numbers. The
peak frequencies of those spectra are approximately 400 to 500 Hz over a wide
range of Jet velocities and angles (fig. 14). The low-frequency noise spectra
for the very low jet velocities were nomalized as functions of the peak
frequency and SPL, which was suggested in reference 24, The resulting spectra
are shown in figure 15 for inlet angles of 50°, 90°, 120°, and 140°., The
spectra are the same for all angles, and they are therefore considered to be
individual core-noise spectra.

The corresponding normalized spectra for jet and core noise identified
from the static JT9D-59A low-frequency SPL spectra are shown in figures 16
and 17 for angles 50°, 90°, 120°, and 140°. Again, the normalized spectral
shapes for core noise are the same for all angles, and they are nearly
identical to the spectral shapes derived for the static JT8D-109 core-noise
component. The core-noise peak frequancies (fig. 18) for the static
JTID-59A engine are lower than the corresponding core fréquencies for the
JT8D-109 engine.

With the jet- and core-spectrum shapes that had been determined, the
second step in the analyses was to determine the relative levels of jet and
core noise in the measured low-frequency spectra. A curve-fit technique was
required to provide the best combination of the jet and core normalized
spectra to fit the measured data as illustrated in figure 19. Initial esti-
mates of the individual jet and core noise SPLs were combined to give an




estimated jot-plus-core noise SPL spectrum, Baginning with the 1/3-octave-
band center frequency at 50 Hz and continuing to successive bands at higher
frequencios, the estimated SPLs wére subtracted from the measured SPLs, glving
the sum of the difforences between tha measured and the estimated SPL spoctra
for the 24 frequency bands as

ZQ

0B e N [snL)
i=l

2
measuroed ”‘SPL(1)05t1matedJ

The quantity ol (variance) {s uscd to find out how close the estimated SPL

spectrum is to the actual spectrum. The estimates of individual jet and core
noise levels were then incremented independently to creéate a matrix of
nz-va1ues. Curve-fit techniques were then used to determine the set of jet
and core levels that would give the best fit to the measured SPL data. The
0ASPLs for the individual jet and core components were then calculated.

The measured low-frequency OASPLs and jet and core OASPLs ‘erived by
that method are shown in figure 20 for the JT8D-109 and in figure 21 for the
JT9D-59A static data at 120°. For simplicity, both jet and core 0ASPLs are
correlated on the basis of the primary jet velocity. In the JT8D-109, the
measured low-frequehcy noise levels are dominated by core noise at jet
velocities below 192 m/sec and by jet noise at jet velocities above 340 m/sec.
Similarly, the total low-frequency noise levels for the JT9D-59A are dominated
by core noi.e at jet velocities below 120 m/sec and by jet noise at jet velo-
cities above 240 m/sec, Tables 4 and 5 present correlations of static jet-

and core-noise levels for the JT80-109 and the JT9D-59A, respectively, for
angles from 50° to 150°,

3.2.4 Separation of Flight Jet- and Core-Noise Components

The procedures previously described for the separation of static jet-
and core-noise components were used to identify and to separate the individual
spectra and levels of jet- and core-noise components for the DC-9-30/JT8D-109
and the DC-10-40/JT9D-59A flyover noise data. The normalized jet-noise-
component spectra derived from the DC-9-30/JT8D-109 flyover data are presented
in figure 22 for angles of 50°, 90°, and 120”. The relative jet velocity,

10
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Vjp - Va' was used in the Strouhal parameter instead of the primary jet
velocity, Vjp' The corresponding in-flight spectra for the DC-10-40/JT9D-59A
are presented in figure 23. The normalized spectral shapes for core-noise
components for the DC-9-30/JTBD-109 are presented in figure 24, The core
spectral shapes were identical for all anales. The in-flight core peak +
frequencies, f eak® Were higher than the peak frequencies observed statically

(fig. 25). The corresponding normalized spectral shapes for core noise of
the DC-10-40/JT9D-59A are shown in figure 26. The core peak frequencies !
of the JT9D-59A were also higher in flight (fig. 27). -

Examples of correlations of the individual levels of jet- and core-noise
components and the combined level for the twc components are given in figures
28 and 29 for the DC-9-30/JT8D-109 and the DC-10-40/JT9D-59A flyover data at
120°, respectively. For the purpose of comparison, the individual levels and
the combined total levels were correlated on the basis of primary-jet velocity.

3.2.5 Separation of Turbomachinery Noise from Static-Engine Data

In- the inlet quadrant, high-frequency noise consists primarily of fan-
inlet noise; in the exhdust quadrant it consists primarily of fan discharge
and turbine noise. Fan noise is composed of discrete tones at blade-passing
frequency and of harmonics at multiples of the blade-passing frequency super- }
imposed on a broadband-noise spectrum. At supersonic fan tip speeds multiple-
pure-tone (MPi) noise is generated by the fan rotor and is propagated out the
inlet. Turbine noise is composed of discrete tones and a broadband noise
spectrum generated by the stages of the low-pressure turbine. For the spectral
comparisons that follow, tones generated by the fan rotor and by the booster
stage are designated by F and B, respectively, and the numbers 1 through 5.
Fundamental tones generated by the last threé stages of the low-pressure turbine
stages are de$ignated by T and by the numktars 2, 3, and 4 for the JT8D-109,
by 3, 4, and 5 for the CF6-6D, and by 4, 5, and 6 for the JT9D-59A engines. The
following sections discuss the component-noise separation based on static-engine
data for the refanned JT8D-109. Similar results were obtained for the CF6-6D
and the JT9D-59A.

1
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3.2.5.1 Removal of low=frequency noise from measured data. - Before turbo-
machinery noise sources could be separated into components,_low-frequency
noise sources (jet-plus-core noise) were removed from the measured data.
Correlations of jet and core noise described—in section 3.2.1 were used to
define the jet-plus-core-noise spectra and levels. Table 3 presents the
roll-off rates used -to_extrapolate thé low-frequéncy jet-plus-core noise to
the high frequencies. Beginning with the 10 kHz band and continuing to
successively lower bands, the jet-plus-core noise levels were Subtracted on

an energy basis from the total measured levels to get the total turbomachinery
noise levels. The subtraction procedure continued band by band until the

jet plus-core-noise spectrum was—within 1 dB of the total measured data. The
high-frequency turbomachinery noise was then extrapolated to lower frequencies
(fig. 30) by using roll-off rates consistent with fan/compressor test-stand
data previously obtained from engine manufacturers (table 3).

3.2.5.2 Separation of data into discrete tones and broadband noise. - The
procedures for predicting turbomachinery noise required the determination of
the relative contributions of tones and broadband roise to a given spectrum.
The following criteria for separating broadband and discrete tone noise were
used:

1. The tones considered were those of the fan-blade-passing frequency
(BPF), the second through the fifth harmonics, fan booster (BPF of the
first stage of the low-pressure compressor), and the BPF tones from the
last three low-pressure turbine stages.

2. If more than one tone from the same noise source (e.g., turbine
BPFs) occurred in the same 1/3-octave hand, they were assumed to have equal
strength,

3. If more than one tone from different sources (e.gd., one or more
turbine BPFs and a fan harmonic) occurred in the same 1/3-octave band, narrow-
band data were used to determine the relative levels. Details of the pro-
cedure will be described in more detail in section 3.2.5.4.

4. The broadband noise spectrum was assumed to be piecewise linear
with 1/3-octave-band number. The broadband level in the band containing
the BPF tone was determined by interpolating between adjacent frequency bands
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composéd of essentially broadband noise only,

The sound pressure level (SPL) of the tone(s) in a band was obtained by
subtracting the mean-square broadband pressure from the total mean-square
turbomachinery sound préssure. The total mean-square sound pressure of the
tone(s) was then distributed equally among the tones present irn the band for
the same source and finally converted to a sound pressure level.

3.2.5.3 Separation of inlet and aft turbomachinery noise. - In.order to
separate inlet from aft turbomachinery noise levels, procedures developed

under the NASA Refan Program (ref. 21) were used to defire the directivity of
the exhaust noise in the inlet quadrant and that of the inlet noise in the aft
quadrant. Table 3 presents the roll-of f rates for all-frequencies determined
for the contribution of inlet and aft levels in their opposing noise quadrants.
Figure 31. illustrates the reésults of the separation procedure as applied to the

JT8D-109. Similar results were obtained for the CF6-6D and JT9D-59A static-noise
levels.

3.2.5.4 Separatioh of fan-exhaust and turbiné& noise. - At power settings

below takeoff, noise generated by the last three stages of the low-pressure
turbine could in most cases be identified from narrowband data. Figure 32

shows the prominent features of JT8D-109 and JT9D-59A turbine noise as tones
with a haystacking of broadband noise around the blade-passing frequencies

of the low-pressure turbine stages. For those power settings, narrowband data
were used to separate the peak turbine (broadband plus discrete) from the fan
1/3-octave-band levels for a given fan rotor speed and angle as given in figure
33. That procedure was used to define turbine levels for a wide range of angles
at each fan rotor speed at which turbine nois¢ could be identified. The turbine
directivity derived from the source-separation analyses was found to be approxi-
mately constant with power sétting. It is given in figure 34, together with
similar results derived in references 25, 26, and 27 and in a Douglas analysis
of the JT9D-2u data. In addition, the turbine broadband-spectrum shape was found
to be approximately constant with power setting and angle, as is shown by the
solid 1ine in figure 35. The derived spectrum shape compares well with the
results of reference 25 and Douglas analysis of the JT9D-20 data, but reference
26 shows a more broad spectrum shape at frequencies below the peak frequency.
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Those procedures were used to define turbine noise spectra, levels, and
directivities. With the spectra defined, the turbine noise levels could be
subtracted from the total-aft-turbomachinery spectral levels on an energy basis
to obtain the fan-exhaust noise levels shown in figuré 36 for the JT8D-109
static-noise levels. Again, similar results were obtained for the CF6-6D and
the JT9D-59A erigings. The spectral levels were then normalized with respect
to engine airflow rates and correlated with physical- and corrected-fan rotor
speed and angle,

3.2.6 Separation of Turbomachinery Noise from Flyover-Noise Data

To provide a comparative flight data base, the high-frequency levels
were corrected to a 45.7-meter radius and separated from the measured flyover-
noise levels by a procedure similar to that used in the static-noise analysis.
Before the turbomachinery components could be identified and separated the
high-frequency noise levels had to b& corrected back to the source for the
effects of Doppler frequency shift on the broadband and the discrete-tone com-
porents, In addition, all spectra were inspected for completeness, or for
data dropouts. Data dropouts generally occurred at the very high frequencies

when the airplane was at such large distances from the microphone that the sound

generated was not distinguishable from the background noise. In those cases,
extrapolated values were supplied. Once the corrections were applied, the

flyover spectrum was then separated into the jet plus core, inlet turbomachinery,
and aft turbomachinery noise compenents (figs. 37 and 38) as described previously

in section 3.2.5 for static noise data. To derive turbine noise levels in the
flight data, the derived static levels were modified to account for the effects
of jet exhaust sound scattering (described in section 3.4.1.4). The modified
turbine levels were then subtracted from the aft turbomachinery levels to yield
the fan-exhaust noise levels (fig. 39). As with the static-turbomachinery
source levels, the separated source levels were normalized with respect to air-
flow rates and correlated with physical- and corrected-fan rotor speed and
angle.

14




3.3 DEFINITION OF STATIC-TO-FLIGHT DIFFERENCES

To identify the effetts of forward motion on the engine noise sources,
the static-engine and the flyover noise levels were compared and the areas of
disagreement dfscussed in tems of the mechanisms that alter the generation
and the propagation of the noise under forward motion. To compare the static-
engine and the flyover noise data, the separated noise sources that had been
determined were projected to flight conditions, with the same adjustments
applied to the flyover noise data (section 3.2). Flyover and static-projected
noise components were added, to give the original flight levels and the tota!
static-projected levels. In the following analysis, comparisons of flyover

and static-projected noise levels are presented and the areas of disagreement
are noted.

3.3.1 Jet and Core Noise

Comparisons of static and flight total Tow-frequency nofse were presénted
in figures 5 - 10, In general, the flight levels were shown to be lower than
those measured during static operation at all angles. For low jet velocities
comparisons of DC-9 flyover and JT8D-109 static data show that the flight data
are only slightly less than the static levels, whereas, the DC-10 flyover
levels are slightly higher than the JT9D-59A static levels in the inlet quad-
rant. Separation of the total measured data into its jet and core noise
components (figs. 20 and 21) have shown that core noise is the dominant source
at low jet velocities while the Jet noise dominates at hign jet velocities.

3.3.2 Turbomachinery Noise

Figure 40 shows comparison of flight- afid static-projected tone-corrected
perceived noise ievels (PNLT) plotted versus inlet angle for the DC-9-30/JT8D-109
airplane configuration. At approach power (fig. 4a), the flight data are lower
than the static data in both the inlet quadrant and, to a lesser degree, in the
exhaust quadrant. Convérsely, for a takeoff power setting (fig. 40b), the
flight data are higher than the static. Figure 41 shows comparisons of the
flight- and the static-projected 1/3-octave-band spectra at approach power, at
particular angles of interest in the flight-path profile. The higher static
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PNLTs are due to increases in the high frequencies at and above the fan blade-
passing fréquency. Thé diffeérences ara less profounced at aft angles, At
takeoff power, measured flyover and static spectra are dominatad by low-~frequency
Jet noise sources. There is little contribution from turbomachinery noise.

Figure 42 shows comparisons of flyover and predicted PNLTs for the
DC-10-10/CF6-6D airplane configuration. The static-predicted levels are again
higher than the flight in the inlet quadrant at approach power (fig. 42a), but
the flight levels are higher than the static levels at the peak aft-noise
angles. Figure 42b shows that at takeoff power the flight data are higher than
the static at the peak inlet-noise angles and that the stati¢ data are higher
than the flight at the peak exhaust angles. Figures 43 and 44 show the flight-
and the static-spectra comparisons for approach and for takeoff power settings,
respectively. Figure 43 shows that the increased $tatic PNLTs at approach power
are due to increesed levels at the fan fundamental frequency and the frequencies
of the fan harmonics and turbine blade passing. For aft quadrant angles, the
level of the static fan fundamental is higher than in flight, and the increased
flight levels are due to higher levels at the turbine blade-passing frequencies.
Figure 44 shows that increased flight levels in the inlet quadrant at takeoff
power setting are due to the propagation of multiple-pure-tone noise (MPT) at
multiple frequencies of the fan speed. In addition, the high-frequency static
data at the fan fundamental and harmonics are higher than the flight data, the
differences betoming greater with increasing frequency.

Figure 45 shows static and flyover PNLT comparisons for the DC-10-40/
JT9D-59A. As with the DC-10-10/CF6-6D, the static data for approach power are
higher in the inlet quadrant and lower in the aft quadrant than the flight
data. But at takeoff power the static data are higher than the flight at all
angles in the flyover-noise history. Spectral comparisons at approach power
(fig. 46) show that the increased static levels in the inlet are due to the
higher levels of the fan fundamental and harmonics. At angles farther aft,
the flight data are higher for frequencies at and near the 1/3-octave band
containing the turbine discrete tones. At takeoff power (fig. 47), the

spectra are dominated to a large extent by jet noise, but the contribution
of turbomachinery noise is still evident.
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3.4 CORRECTIONS FOR THE EFFECTS OF ENGINE INSTALLATION
AND ATMOSPHERIC PROPAGATION

To identify the effects of forward motion on engine noise sources, it is
necessary to adjust the static-engine data for engine installation and propa-
gation effacts., The effects of engine installation include (1) effects of
relative engine location (axial separation between ergines), (2) effects of
fuselage and wing shielding of the fan-inlet noise, (3) effects of sound
scattering of fan and turbine noise by the wing-flap-wheel wake, (4) effects
of jet-exhaust sound scattering of turbine noise, and (5) effects of inlet
contour on fan-inlet noise. Nonpropulsive noise, which is described in
reference 23 and which is defined as the noise generated in flight by sources
other than the engines (fuselage, wing-flap system, landing-gear struts,
and wheel wells), must also be included in the category of installation
effects. The effects of wing shielding ind of sound scattering by the wing-
flap-wheel wake will be discussed for the DC-9-30/JT9D-109 airplane con-
figuration, and the effects of Jet-exhaust sound scattering will be discussed
for the exhaust-nozzle configuration for the CF6-6D and for JT9D-59A high-
bypass-ratio engines. Propagation effects, in particular, the effects of
excess attenuation, will be discussed for both a DC-9 and a DC-10 airplane in
section 3.4.2,

3.4.1 Engine-Installation Effects

3.4.1.1 Engine location. - Figure 48 shows the Tocation of the engines on the
DC-10-10. Two engines are mounted under the wings, and a third is mounted in
the vertical tail 68 feet aft of the wing engines. For low-altitude flyovers,
the engine noise cannot be considered to come from a point source, with three
engines at the same axial location. Static levels for each engine must there-
fore be adjusted for spherical divergence, atmospheric absorption, Doppler
shift, etc., as functions of the source-path angle (angle between the observer
and the flight path), the directivity angle (the angle between the observer
and the inlet centerline), and the acoustic range relative to the qround
microphone.
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Figure 49 shows the effect of the DC-10-10 tail-ergine location an
directivity angles during a level-fiight flyover at an altitude of 152.4 m.
When the airplane is directly overhead, the propagation angle from the iniet
of the wing-mounted engines is approximately 10° greater than that of the tail
engine. As the airplane approaches and passes overhead, the differences in
directivity angle and in acoustic range make the noise levels lower than they
would be if the engines had no axial separation. The effect is the opposite
for the noise levels in the aft quadrant. The effects of Doppler shift and,
to a lesser degree, of atmospheric absorption will also be affected.

3.4.1.2 Fuselage shielding. - With the third DC-10 engine mounted above the
fuselage in the vertical tail, fan-inlet noise is shielded by the fuselage
from microphones located directly beneath the flight path, which further
reduces the inlet flyover=noise levels from thosé of the static case.

3.4.1.3 MWing shielding and wake sound scattering. - Comparisons of static

and flight narrowband spectra (ref. 14), which were measured by microphones
mounted in the inlet of the JT8D-109-powered DC-9-30 airplane, showed that the
levels of the random broadband noise and tones at discrete frequencies did not
change significantly in flight at approach power settings. Similar trends
were observed for static and flight narrowband spectra measured in the fan
duct and in the tailpipe, which suggested that the static-to-flight differ-
ences observed in figure 40 were due to factors affecting the propagation
rather than the generation of fan noise. Specifically, it was suggested that
the Tocation of the fuselage-mounted engines relative to the wing affected the
propagation of fan noise. Figure 50 shows the location of the JT8D-109 engine
relative to the wing-flap configuration of the DC-9-30 airplane. Fan-inlet
noise propagating at shallow angles is shielded from microphones under the
flight path by the wing-flap system. In addition, fan-inlet, fan-exhaust, and
turbine noise must propagate through the turbulent wake from the wing-flap-
landing-gear system during forward motion. A detailed description of the
analyses performed to account for those effects is reported in reference 21.

The approach used to predict the attenuation due to wing shielding was adapted
from the barrier theory described by Beranek in reference 28. The barrier
theory, which is based on optical-diffraction (Fresnel) theory, assumed that
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only tre incident wavefield close to the top edge of the barrier contributed
to the wavefield diffracted over the barrier. The barrier was modeled by the
wing-flap system, and the noise generated by the fan was assumed to come from
a point source,

T account for the differénces between staticeprojected and flyover noise
data in the regions outside the shadow zone, it was suggested that the wake
generated by the wings, flaps, and landing gear altered the propagation of
turbomachinery noisc sources. An analysis was therefore performed by applying
Rudd's concept of sound scattering by turbulence (ref. 29). Rudd's treatment
of the scattering of sound by turbulent jets was modified to represent the
similar spreading rates and velocity distributions of the wing-flap-wheel
wake,

3.4.1.4 Jet-exhaust sound scattering. - Figure 51 compares th2 turbine-noise
suppression during static and flyover operation measured with and without the
acoustically treated turbine reverser installed in the CF6-6D. It shows that
more noise reduction was measured in flight than in static operation. On the
basis of Rudd's results and an experimental program described in reference 30,
which was conducted to investigate shielding and scattering by a jet flow, it
was shown that the thickness of the jet was very effective in reducing aft-
radiated noise. Comparison of the difference in the fan/ambient shear layer
between static and flight operation of the CF6-6D in figure 52 suggested that
the increased level of turbine noise in flight is primarily due to the de-
creased sound scattering through the fan ambient shear layer to the far field !
during forward motion. To investigate those effects, the sound-scattering ;
theory of Rudd was applied to the CF6-6D and JT9D-59A turbine-static noise i
levels. The thickness of the JT8D-109 shear layer was estimated to be

smaller due to the long duct nozzle configuration. As a result, the effects

of sound scattering on JT8D-109 turbine noise were considered to be negligible. |

It should be noted that because jet-exhaust sound scattering affects the
relative levels of turbine and fan noise in the same 1/3-octave-bands, the
source-separation procedures had to be modified. The separation of fan ex-
haust and turbine noise from flyover noise data; which was based on the
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relative turbine noise levels determined from static narrowband data, was
modified to increase the turbine noise levels relative to the fan levels in
accordance with the decreased scattering effect through the fan ambient shear
layer (section 3,2.6).

3.4.1.5 Inlet contour. Figure 53 compares the inlet adrant spectra for a
flight inlet with that of a bellmouth inlet during static operation of the
JT90-20 at static takeoff power. The noise levels with the bélimouth inlet
are higher, particularly in the inlet quadrant. Potential-flow studies show
that with the production nacelle operated statically the ambient air is drawn
in from all directions as in a classical "sink" flow with a stagnation point
on the nacelle 1ip, as in figure 54, The result is that the flow atcelerates
around the 1ip, producing regions of high Mach numbers on the inlet walls.
During forward motion, flow is ingested along 1ines néarly parallel to the
inlet centerline. As a result, the inlet stagnation point moves inside the
nacelle 1ip (fig. 55), and the high-velocity flow regions are reduced.

That phenomenon is most important in the attenuation of multiple-pure-
tone (MPT) noise generated by shock waves from the rotors operating at sonic
and supersonic tip speeds. In static operation, MPT noise propagating in the
nacelle suffers significant attenuation in traversing the high Mach number
regions. During forward motion, MPT noisé propagates out of the inlet with-
out appreciable attenuation. Because MPTs occur at frequencies that are in-
tegral miltiples of the fan shaft speed, the increased noise levels in flight
can occur at any point in the spectrum, although they occur typically in the
low to middle frequencies. In addition, the increased flows during static
operation are typically higher than the optimum flow for the design acoustic-
liner impedance, which can affect the attenuation of the propagated discrete
tones at the fundamental and the harmonics of blade-passing frequency.

3.4.1.6 Nonpropulsive noise. - The noise generated by the atrframe in flight
provides a noise floor from which potential engine-noise reductions must be
evaluated. At lower fan speeds and with more effective acoustic liners in
fan nacelles and discharge ducts, nonpropulsive noise becomes dominant in
flight. Figure 56 illustrates the various nonpropulsive noise sources on d
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PC-10 airplane configuration. Fluctuating 11ft forces on the wing-flap system,
fuselage, empennage, and open wheel wells during approach result ina 1ift-
dipole source of neise, Drag dipoles are generated by fluctuating drig forcos
on those components and on the landing=qgear structurns. Tho procedures uqed
for defining nonpropulsive noise sources are reviewed in roforence 23.

3.4.2 Propagation Effects - Excess Attenuation

Comparison of flyover noisc and static-engine noise projected to f1ight
conditions has consistently shown static-projected spectra higher than flight
spectra at frequencies greater than blade passage (refs. 6, 7, 9, 11). Since
the high-frequency reduction was independent of engine type and observation
angle and since no reduction was indicated by microphone measurements in inlet
and fan ducts, 1t is believed to be due to increased atmospheric attenuation
over propagation distances usually larger than those for static measurements.
Specifically, it is thought that the high-frequency spectral differences are
due to excess attenuation, which is defined in reference 31 as the attenuation
over and above the attenuation obtained by using current procedures to predict
molecular and classical absorption. (ref, 22).

3.4.2.1 Description of problem. - Comparison of CF6-6D static-engine 1/3-
octave-band spectra projected to flight conditions and DC-10-10 flyover-noise
data (fig. 57) showed that at frequencies greater than blade passage the
static spectra were higher than the flight spectra. At the 8000-Hz band,
differences of from 10 to 20 dB were common. Observation of narrow-band
spectra measured by microphonhes mounted internally in inlet and fan discharge
ducts of the CF6-6D during static and flight operation showed changes in the
high-frequency region of the spectra of the order ¢f 2 dB (fig. 58). That
result indicated that static and flight high-frequency sound sources were
substantially the same. In order to evaluate and to eliminate, if possible,
the procedure used for correcting test-day spectra to reference weather
conditions as a potential source of the high-frequency error, DC-10-10 flyover
noise spectra measured during approach at an altitude of 121 meters for three
different weather conditions were compared. The sound-path weather conditions
for each run are shown in figure 59; the test-day spectra are shown in tigure
60. Comparisons of the spectra and of the weather conditions aloft showed
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that twa of the spectra were nearly equal and that the weather conditions

ware similar, However, the high-frequency region of the third spectrum was
considerably lower than those of the ether two, which was similar to the
results in figure 67, Although the tomperature profiles were all similar, the
humidity profile of the third was considerably lawer, which indicated a hiqgher
lovel of atmespheric absorption. Correcting the measured spectra to reference
weather conditions by using sound-path weather collapsed the data to approxi-
matcly the same reference spectrum (fig, 61), That result indicated that the
usc of ARP 866 to correct measured data to a given set of reference weather
conditions on a layeréd-weather basis was adequate and that 1t was not the
cause of the high-frequency differences in figure 57.

The high-frequency differences observed in figure 57 therefore appeared
to be due to increased atmospheric attenuation over propagation distances
usually larger than those for static-engine measurements - excess attenuation.
The primary cause of excess attenuation was believed to have been sound
scattering due to atmospheric turbulence. Secondary causes, such as sound
refraction due to temperature and wind gradients and to variations in ground
absorption, were shown to have small effects.

3.4.2.2 Test configurations and programs. - The data base for the analysis
consisted of measured flight spectra obtained from the DC-9-30 airplane
powered by JT8D-109 refan engine (fig. 1) and from the DC-10-40 airplane
powered by JT9D-89A engines (fig. 3). For the DC-9-30 flyovers, three
microphone locations were used, with a maximum total spacihg of approximately
3.2 km. A summary of the DC-9-30/JTBD-109 test data is shown in table 6. For
the DC-10-40, two microphohe locations were used, with a maximum total spacing
of approximately 2.2 km. A summary of the DC-10-40/JT9D-59A test data useu

is shown in Table 7. The data were recorded during the following types of
flyover noise runs with microphones directly beneath the flight path:

1. Approach-altitude flyover at a constant glideslope (table 6a)

2. Level flight at approach altitude with climbout to takeoff altitude
at a constant climb angle (table 6b).

3. Takeoff-altitude flyover at a constant climb angle (tablos 6a and 7).
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In all runs, noise data were measured when there were no temperatura inversions,
and the weather variations were 1imited to tomperature between 7°C and 17°°C
and humidities between 30 and 76 percent.

3.4.2.3 Method of analysis., = In ordor to account for hiah=frequency differences
botween static-projocted lovels and flyover-neiso levols, an additional source
of atmospheric absorption had to bo ncluded, togothor with the classieal

and the molecular absorption coefficients defined in reference 22, The
additional attenuation 1s defined as excess attenuation.

High-frequency spectral differences wore analyzed by comparing flyover-
noise data measured bencath the flight path of a sclected airplane confiyura=
tion at a given power setting., Each flyover-noise spectrum measurced at one
microphone location was corrected to reference weather conditions by using the
sound-path weather measured at incremental heights above the microphone. In
order to correct the spectrum to a common altitude (defined as the minimum
height over the microphone) and common flight-path profile, reference 22 and
spherical divergence were applied to the measured data at each microphone
location (fig. 62). That approach had two advantages: The airplane acted as
a constant noise source with a uniform pattern of noise emission during each
run, and it minimized the effects of changes in weather, in wind speed, and in
wind direction that might occur between runs. Also, comparing flight data
with flight data made it unnecessary to apply any correction for the effects
of forward motion and of the engine installation that would be required for
making vailid comparisons of static and flight data. But that approach could
introduce into the analysis two other variables as potential sources of error —
differences in ground reflection and absorption at different microphone locations
and use of two different microphones. In order to eliminate those variables,
data from a DC-9 Tevel flight run at takeoff power were compared. The data
had been measured overhead at two microphone Tocations at nearly equal
altitudes. Figure 63 shows the resulting comparison of spectra measured at
altitudes of 138 m and 149 m and adjusted to the common altitude of 131 m.

The spectra are essentially equal at all frequencies, which eliminated micro-
phone and microphone location as possible sources of error in the subsequent
analysis.
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E*i { Figure 64(a) presents a spoctral comparison of DC-9-30/JTBD-109 flyover
iji neise measured during one approach run at the close-in altitudes of 262 meters
ﬁ and 113 meters,  As was to be expectod, the spectrum measured at 262 mctors
was lower at all froquencies than that measured at 113 meters, because of
l: additional absorption and spherical divergence over a greater distance, The
comparison of the two spectra adjusted to the common altitude of 121 meters
s shown in figurc 64(b). Using the prosent projoction methods of reference 22
and spherical divergence should theoretically have collasped the two adjusted
Qf spectra to a single reference spectrum. However, as is shown by fiqure 64(b),
the high-frequency region of the spectrum from 262 meters 1s lower, which
indicates an additional source of atmospheric attenuation. The discrepancics
in the Yow-frequency range may be considered to be due to ground dip and
therefore neglected.

A comparison of DC-9-30/JT8D-109 spectra measured at takeoff power and
large distances from the microphones is shown in figure 65, The same kind of
comparison for the DC-10-40/JT9D-59A 1s shown in figure 66. Aithuugh the
results were similar to those obtained from comparisons at approach altitude,
the high-frequency differences measured at the higher takeoff altitudes were
smaller, even though the spectra were projected over greater distances. The
fact that the high-frequency differences observed at approach altitudes were
larger than those observed at takeoff altitudes indicated that excess attenua-
tion was greater closer to the surface of the earth.

3.4.2.4 Variation with altitude. - It is reported in references 31 through
38 that excess attenuation is greater near the earth's surface than at higher
altitudes. Specifically, it was shown that there was much excess attenuation
below altitudes of approximately 250 meters and 1ittle or none above that
altitude.

In order to investigate the variation of excess attenuation with altitude,
spectral differences derived from approach and takeoff flyover runs of the
DC-9-30/JT8D-109 were plotted versus difference in overhead altitude for
1/3-octave-band frequencies greater than 1000 Hz. Because of contamination
by background noise, it was not possible to define spectral differences for
frequencies greater than 4000 Hz at takeoff. At approach, there was some
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contamination at frequencies gréater than 6300 Hz., Ficure 67 shows the high-
frequency spectral differences for flyover-noise runs at approach and takeoff
altitudes. At the lower approach altitudes, the spectral differences increased
rapidly with distance and frequency. Since the takeoff spectra were projected
over greater distances than the approach spectra, it was to be expected that

the increased effect of excess attenuation would appear as larger high-frequency
differences. However, the rate of increase for the higher takeoff altitudes

was not as great as that for lower approach altitudes. That result confirms

the findings in references 31 through 38, which indicate that excess attenua-
tion is more proriounced at altitudes less than approximately 250 meters.

3.4.2.5 Variation with frequency. - Two equations for excess attenuation were
derived in reference 31, The first assumes an ideal atmosphere, for which
sound scattering may be treated as a Bragg diffraction phenomenon. The excess-
attenuation coefficient, ags is a function of frequency squared. The second
assumes a real atmosphere for which, because of the nonhomogeneous and non-
isotropic nature of the atmosphere, Bragg diffraction is only an approximation.
The excess-attenuation coefficient is then a function of the one-third power
of frequency.

in order to investigate the variation of excess attenuation with frequency,
the excess-attenuation coefficients per 330 meters wére calculated as functions
of ASPL and aAlt, where ASPL is defined as the difference in sound pressure
level between the measured and the projected spectra and A1t is the distance
over which the spectrum was projected. Excess-attenuation coefficients cal-
culated at approach for the DC-9-30 are shown in figure 68. In the curve of
figure 68, excess attenuation is a function of the 1.3 power of the frequency,
which 1ies between frequency squared for a homogeneous atmosphere and the
one-third power of the frequency for a nonhomogeneous atmosphere described
in reference 31. Figure 69 shows excess-attenuation coefficients at takeoff
for the DC-9-30 and the DC-10-40. Because of the smaller effect of excess
attenuation at the higher *akeoff altitudes, the absorption coefficients
for takeoff are smaller. An empirical formula for excess attenuation at
takeoff is not presented, since, because of background-noise contamination,
the spectral differences could not be defined clearly at frequencies greater
than 4000 Hz. The averages of the excess-attenuation coefficients for approach
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and takeoff altitudes areé shown in figures 70 and 71, respectively. From
empirical correlations of DC-9-30 and DC-10-40 flyover noise, the &ffects

of excess attenuation in the atmosphere were derived. The correlations show
significant data scatter in the spectral differenceés at high frequencies. In
order to more clearly define the mechanisms of excess attenuation and to
develop more accurate and reliable prediction methods more work is required.
In order to reduce the scatter, data would have to have been recorded under
strictly controlled conditions. To obtain the necessary conditions in an
actual atmospheric environment would have_been very difficult, if not impossible,
since the properties and the conditions of the air (temperature, humidity,
velocity, turbulence, composition, etc.) in the atmosphere vary constantly in
time and space.
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4. DISCUSSION OF RESULIS-—

4.1 EFFECTS OF FORWARD MOTION AND OF ENGINE INSTALLATION
ON JET- AND CORE-NOISE

Comparisons of individual static and flight jet- and core-noise levels
and-normalized spectra for the DC-9-30/J78D~109 and DC-10-40/JT9D-59A are
presented in this section. The differences between static and flight spectra
and betweén QASPLs are discussed in terms of the effécts of forward motion and
of engine installation.

4.1.1 Static-to-Flight Comparisons of JT8D-109 Data

Comparisons of static ~nd flight total low-frequency noise and individual
jet and core ncise components for the JT8D-109, correlated by using primary- .
Jet velocity as the abscissa, are presented in figures 72, 73 and 74 for
angles of 50°, 90°, and 140°, respectively. At 50° to the inlet centerline
(fig. 72), the low-frequency noise levels measured in flight crossed over the
corresponding static levels for jet velocities less than 200 m/sec, because
the core-noise levels generated in flight are higher than the levels generated
statically. The corresponding jet-noise levels generated in flight are lower
than those generated statically. At 90° (fig. 73), flight and static core
noise are nearly equal, but the difference between flight and static jet noise
levels has increased relative to the difference shown in figure 72. At 140°
(fig. 74), the measured low-frequency noise and the individual jet and core
noise components are all lower in flight.

In flight, core-noise levels are higher in the inlet quadrant (fig. 72),
equal at 90° (fig. 73), and lower in the exhaust quadrant (fig. 74) than the
corresponding static data, which suggested that convective amplification could
be important. The differences between flight and static core O0ASPLs were
therefore plotted versus inlet angle for six different jet velocities with
approximately the same airplane velocity (Va = 76.2 + 9.0 m/sec) and compared
with the convective amplification predicted theoretically for a moving point
source. Specificdlly, the changes in noise levels caused by the relative
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motion of a point source with respect to an observer is given by
AOASPL = 40 Togyg (- Ma cos 8 ) (1)

where Ma is the airplane Mach number and 0 is the angle between the inlet
centerline and the observer (refs. 20, 39, and 40). Figure 75 shows good
agreement between the data and the predicted results for convective amplifica-
tion of core noise.

Comparison of figures 15 and 24 showad no-significant differences between
static and flight core-noise spectral shapes. But the peak frequency appeared
to be Doppler-shifted, as is sugdested by figure 76, in which the ratio of the
flight-to-static core peak frequencies is plotted versus inlet angle for five
Jjet velocities, all with the same airplane velocity.

To investigate the differences in jet-noise levels between flight and
static conditions resulting from the combined effect of relative velocity
and convective amplification (ref. 16), a velocity exponent m was calculated
and plotted versus inlet angle for seven jet velocities (fig. 77). The ex-
pression used to define m 1is given by

- A0ASPL - 10 log,, (- M, cos )’1 (2)

10 log]0 (Vrel/vjp)

The results indicated that at inlet'angles less than or equal to 90° the value
of m is approximately equal to 3.7. At inlet angles greater than 90°, m
increases with increasing angle. To define the separate contributions of
relative velocity and convective amplification to jet noise will require
further analyses.

Figure 78 compares static and flight normalized jet-noise spectra for
angles of 50°, 90°, and 140°. In flight, the normalized jet spectral shapes
are broader, with higher levels for all angles than the static spectra at low
Strouhal numbers. It is not possible to reconcile the differences by consider-
ing Doppler effect alone. Again, to fully understand the jet spectral




differences will require further analyses.
4.1.2 Static-to-Flight Comparisons of JT9D-59A Data

Comparisons of static and flight total low-frequency noise and the
individual jet and core noise components for the JT9D-59A are presented in
figures 79, 80, and 81 for angles of 50°, 90°, and 120°, respectively. At
50° (fig. 79) and jet velocities above 305 m/sec (jet velocities corresponding
to takeoff power), the flight jet-noise levels are lower than the correspond-
ing static levels even though the core-noise levels measured in flight are
higher., At lower jet velocities corresponding to approach power, the fliuht
jet-noise and total-noise levels are higher than the corresponding static
levels by as much as 5 dB. At 90° (fig. 80) and in flight, the core-noise
levels are about equal and the jet-noise levels are lower. At 140° (fig. 81),
both core- and jet-noise levels are lower in flight. However, at very low
jet velocity (Vjp < 216 m/sec), the decrease in jet noise is considerably less
than the decrease observed at higher jet velocities. The lessened decrease in
jet noise at Tow jet velocities is attributed to low frequency noise generated
by the impingement of the fan jet flow on the trailing flaps of the DC-10
during approach operation. It should be noted that the primary-jet velocity
may not be the proper criterion to use for comparing static-projected jet-
noise levels with flyover-noise levels for high-bypass-ratio turbofan engines
at very low power setting, where the noise from the fan jet can be more
important than the noise from the primary jet.

The higher core noise levels in the inlet quadrant (fig. 79), the equal
levels at 90°, (fig. 80), and the lower levels in the exhaust quadrant (fig.
81), show good agreement with the predicted results for convective amplificat-
jon (fig. 82). As with the JT8D-109, there are also no significant differ-
ences between static and flight core-noise spectral shapes. Again, the core
peak frequencies appeared to be Doppler-shifted in flight (fig. 83).

Figure 84 shows the correlation of the flight-effect velocity, m, versus

inlet angle for eight jet velocities representing data from takeoff and
approach flyover-noise runs. The negative values of m for angles less than
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90° correspond to the approach cases, The velocity exponents for the takeoff
data are positive for all inlet angles and are very similar to those for the
DC-9-30/3T8D-109, The velocity éxponents for the approach data. showed a
different trend: The exponents are positive in the exhaust quadrant and are
generally lower than the exponents in the takeoff data. It is believed that
ahother low-frequency noise source, unique to airplane configurations with
enginegs under the wing such as those of the DC-10, is responsible for the
trend observed in the velocity exponent obtained from approach data.

4.1.2.1 Masking effect of jet-flap interaction noise. - Figure 3 shows the
location of the engines on the DC-10-40 airplane. Two engines are mounted
under the wings, and a third is mounted in the vertical tai] 68 feet aft of
the wing engines. During approach (see fig. 85), parts of the flaps are ex-
tended out and deflected downward, making a flap angle between 35° and 50°. A
small central portion of the flap was left unchanged, to allow the hot jet
exhaust from the primary nozzle of the engine under the wing to pass through.
It is believed that the bigger diameter of the fan jet exhaust caused the flow
to impinge on part of the deflected flaps and generated a low-frequercy noise
(jet-flap-interaction noise). To investigate that effect, flyover noise from
a DC-10-10 airplane powered by General Electric CF6-6D engines was analyzed
for conditions where the airplane was flown at constant airspeed and power
setting but with different flap-deflection angles.

Figure 86 shows a comparison of the flyover-noise levels for the airplane
flown at low power settings with the same airspeed but with different flap-
deflection angles (0° and 15°). At all inlet angles there are no significant
differences in Tow-frequency noise between the two sets of flyover noise. At
a higher power setting there are significant increases in the low-frequency
(50 to 250 Hz) region of the spectrum for flap deflections greater than 30°.
The increase in low-frequenty noise is maximum at inlet angles from 50° to 60°,
smaller at 90°, and zero for angles greater than 120° (fig. 87). Those
results indicated that for the DC-10 airplane with engines under the wing and
with flap deflection greater than 30°, the interaction of the fan jet with the

flap incredses the levels of the Tow-frequency part of the spectrum by as much
as 5 dB.
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Jet-flap~interaction noise has peak frequencies and spectral shapes very
similar to those of jet noise, and it is difficult to distinguish between
their spectra. But since jet-flap interaction noise has a frequency range
between 50 and 250 Hz, it does not affect the separation of core noise levels
and spectra from the measured low-frequency noise at power setting correspond-
ing to the approach flight conditions,

On the basis of those results, it wds concluded that at high jet veloci-
ties and small flap deflection corresponding to takeoff conditions the jet
noise levels were not affected by jet-flap-interaction noise. At low jet
velocities and large flap deflections corresponding to approach conditions,
the core-noise levels were not affected, but the corresponding jet-noise
levels were contaminated by jet-flap-interaction noise.

4.1.3 Comparison With Proposes ANOPP Method

The individual jet- and core-noise components separated from DC-9-30/
JT8D-109 and DC-10-40/JT9D-59A static-engine and flyover noise provide an ex-
cellent data base for comparing, on a noise-source. basis, the prediction of
jet- and core-noise flight effects calculated by the proposed ANOPP method
(ref. 20). As are shown in figures 75 and 82, the DC-9-30/JT8D-109 and the
DC-10-40/JT9D-59A data agreed quite well with the -40 10910 1 - Ma cos 0)
expression given for the effect of convective amplification on core-noise
levels in flight. The same expression is used in reference 20 to correct core-
noise levels for convective amplification. Comparison of the predicted and
the measured spectral shapes of core noise (fig. 88) shows that the ANOPP core
spectral shape is more broad than those derived for the DC-9-30/JT8D-109 and
the DC-10-40/JT9D-59A. Also, as shown in figures 76 and 83, the core-noise
peak frequencies for those data appeared to be Doppler-shifted in flight, as
the ANOPP method predicts.

Figures 89 and 90 compare the predicted and the measured jet-noise re-
ductions due to the combined effects of relative velocity and convective
amplification for the DC-9-30/J78D-109 and the DC-10-40/JT9D-59A, respectively,
The figures show good agreement between measured and predicted noise reduct-
ions for angles up to and including 130°. For angles greater than 130", the
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predicted noise reductions were consistently less than the measured values,
Predicted and the measured .spectral shapes for the jet-fioise component for the
DC-9-30/J78D-109 and DC-10-40/JT9D-59A in f1ight are shown in figures 91 and
92, respectively, Comparisons of the jet-noise spectral shapes for angles of
50° to 120° show that the predicted levels for both pC-9-30/JT8D-109 and
DC-10-40/JT9D-59A are lower at the high Strouhal numbers and higher at the
low Strouhal numbers than the corresponding spectra predicted by the ANOPP
method. At the peak Strouhal number, the predicted levels show good agreement.

4.2 EFFECTS OF FORWARD MOTION, PROPAGATION, AND ENGINE
INSTALLATION ON TURBOMACHINERY NOISE

4.2.1 Engine-Installation and Propagation Effects

To identify the effects of forward motion on fan and turbine noise
sources, the static-projected data in figures 41, 43, and 46 were first ad-
justed on a source basis for the effects of engine installation. Figure 93
shows comparisons of DC-9-30 flyover noise levels and JT8D-109 static-pro-
jécted noise levels at approach power, corrected for wing shielding at an
angle of 30° (fig. 93a) and for sound scattering in the wing-flap-wheel wake
at 90° and 120° (figs. 93b and c), respectively. In addition, DC-9-30 non-
propulsive noise levels, which affects the static spectra primarily below
blade passing frequency were included. Although the agreement between the
spectra was improved, applications of the barrier and of the sound-scattering
theories did not entirely account for the static-to-flight differences. The
remaining high-frequency differences could be due to conservative modeling
techniques in the application of those theories, but it was thought that the
remaining high-frequency differences were due to the effects of excess attenu-
ation in the atmosphere.

Figure 94 shows JT8D-109 static-noise levels at approach power corrected
for engine installation and for excess attenuation in the atmosphere (sect.
3.4.2) and compared with DC-9-30 flyover-noise levels. The data show that
excess attenuation adequately accounts for the remaining high-frequency
differences shown in figure 93. As a result, it can be seen that the static-
to-flight differences for the DC-9-30/JT8D-109 airplane configuration are
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due primarily to installation and propagation effects, as opposed to the
effects of forward motion on turbomachinéry-noise generation,

Figures 95 and 96 show DC-10-10 and DC-10-40 flyover spectra compared
with CF6-6D and JT9D-69A static-projected spectra, respectively, at approach
power settings, corrected for relative cngine location, fusclage shielding,
jet-exhaust-.sound scattering, and nonpropulsive noise. In the inlet quadrant
(fig. 95a) and at overhead angles (fig. 95b) the engine-installation effects
reduce the CF6-6D static-projected levels and improve the static-to-flight
agreement by a small amount for frequencies at and above blade-passing
frequency. In the aft quadrant (fig. 95c), the corrections increase the
static-to-flight differences. For frequencies below blade passing, the
inclusion of DC-10-10 ronpropulsive noise levels improves the agreement at
the inlet and the overhead angles. Figuré 96 shows similar results for the
JT9D-59A static-projected levels corrected for engine installation. Although
the agreement between static and flyover noise levels was improved by incor-
porating installation effects in the CF6-6D and JT9D-59A static-engine noise

levels, significant differences remain at frequencies equal to aid greater
than blade passage frequency.

In section 3.4.2 it was shown that when noise data are projected over
large differences in acousti¢ range, significant high-frequency differences
due to excess attehuation in the atmosphere are found. Figure 97 shows a
comparison of CF6-6D static-projected noise levels corrected for excess
attenuation and compared with DC-10-10 flyover noise levels. In the inlet
quadrant (fig. 97a), the static-to-flight agreement is improved for frequen-
cies equal to and higher than blade passing. At overhead (fig. 97b), and in
the aft quadrant (fig. 97c), the correction for excess attenuation improved
the agreement above 6300 Hz, where the static-projected levels were higher
At the frequencies where fan harmonics and turbine tones occur in the same
1/3-octave band, the agreement was not improved. Figure 98(a) shows similar
results in the inlet quadrant for the JT9D-59A static-projected levels correct-
ed for excess attenuation and compared with DC-10-40 flyover-noise levels. At
overhead (fig. 98b), and in the aft quadrant (fig. 98c), where the fliqht-
noise levels were higher than the static-projected levels, less aqreement was
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obtained for all frequencies abave hladé passing, Although the static-to-
flight agreement was improved, significant high-frequency differences remain
in the levels of the fan fundamental tone and in the increased flight levels
at the frequency bands containing both fan harmoni¢s and turbine tones,

To determine the source characteristics at those frequencies, narrowband
data were analyzed. Inlet and fan discharge duct measurcments with flush-
mounted Kulite microphones (ref. 9 and fig., 58) have shown that in flight the
levels of the fan fundamental are lower below cutoff and approximately equal
above cutoff, but that the levels of the fan harmonics and of broadband noise
remained esséntially unchanged. As a result, it was thought that the mecha-
nisms of noise generation for the fan fundamental tone during forward motion
are different from those under static conditions. In addition, the high-
frequency differences at overhead and at aft quadrant angles are the result
of forward-motion effects on the propagation of turbine noise and not on fan
noise (sect. 4.2.4).

4.2.2 Effects of Forward Motion

4.2.2.1 Convective amplification. - In order to investigate the effects of
forward motion on the dymamic, or convective amplification (refs. 39 and 41)
of turbomachinery-noise sources, static-to-flight differences in the fan-
broadband noise levels at the blade passing frequency of the fan were plotted
as functions of inlet angle in figure 99 for the DC-10-40/JT9D-59A and DC-10-
10/CF6-6D. The fan broadband levels derived in section 3.2.5.2, were used
rather than discrete tone levels, because (1) the effect of convection on tone
levels is masked by differences between static and flyover noise generation and
(2) narrowband data measured in the inlet duct (ref. 9 and fig. 58) show that
the broadband noise levels remain essentially constant with forward motion.
For flight Mach numbers equal to 0.282 and 0.296, which are typical for high-
approach or takeoff flight speeds, the data follow the predicted effects for
the motion of a point source discussed for core noise in section 4.1.1. For
Tow flight speeds (M = 0.227 and 0.220) the trends are similar in the inlet
quadrant, but, in the aft quadrant the flyover and static levels are nearly
equal for the peak-aft noise angles. In the aft quadrant, the increased
flight levels relative to the predicted convection effects are similar to the
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trends noted earlier in section 4.2,1 for the high frequency spectra, As a
result, the discrepancies at the fan-blade pessing could be due to increased
turbine-broadband levels generated in flight at the low power settings,

The 40 log relationship, discussed above, was assumed to hold for all fan
speeds for both fan and turbine noisc sources. Correcting the JTBD-109 statice-
projected spectra (fig. 94) for convection will improve the static-to-11ight
agreement as shown in figure 100. Correcting the static-projected spectra in
figures 97 and 98 for the CF6-6D and JT9D-59A, respectively, will not, however,
account for the remaining differénces which were assumed to be due to forward
motion effects on source noise generation.

4.2.2.2 Noise generation. - In the following discussions, the effects of fan-
noise genération and of the interaction of the fan harmonics and turbine tones
will be presented. As a result of trends noted in narrowband spectra (fig.
58), the effects of fan-noise generation will be restricted to the blade-
passing-frequency tone.

The increased level of the fan fundamental tone under static conditions
was assumed to be due to differences between the mechanisms of noise genera-
tion in static and in flight environments. Specifically, under static con-
ditions, there is sufficient inflow distortion to cause the generation of a
strong blade-passing-frequency tone (rotor-turbulence interaction) for
approach power settings (refs. 42 through 44). The absence or the reduced
level of the fan fundamental tone during forward motion indicates that the
inlet flow is sufficiently clean and free of disturbances to enable the cut-
off conditions for which the CF6-6D and JT9D-59A engines were designed to be
realized at vproach power settings. Since it is a difficult task to predict
the theoretical change in tone levels due to inflow distortion, an empirical
approach was used.

The empirical approach required determination of the strength and the
directivity characteristics of the fan fundamental tone from the static and
flight spectra. The broadband levels at the blade-passing frequency derived
in section 3.2.5.2 were therefore used to define the strength of the fan
fundamental tone in terms of the relative level of the total fan noise to the
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fan broadband noise (i.e., a comparison similar to a signal-ta-noise compari-
son) at the hlade-passing frequency, The rolative levels were obtained for a
wide range of angles and power setting; they are shown in figures 101 and 102
for the DC~-10-10/CF6-6D and DC-10-40/JT9D-69A airplanes, respectively, The
data show the increased level of the static tone relative to the flight tane
and the corresponding broad directivity pattern at all fan speeds. At supere
sonic tip speeds (N1/¢b » 3063 RPM for the Ci6-6D and N1//u ~ 3212 RPM far
the JT9D-59A), the flyover data show a lobed directivity pattern, in contrast
to a relatively broad shape for subsonic tip speeds. At higher tip speeds,
static and flight directivity collapse in good agreement.

4,2.3 Interpretation of Static-to-Flight Differences

4.2.3.1 Spinning-mode theory. - Interpretation of the differences between the
static levels and the flight levels of the fan fundamental tone requires iden-
tification of the three sources of noise at blade-passing frequency - the
rotor-alone sound field, the rotor-stator-interaction sound field, and the
sound field generated by the interaction of the fan rotor with unsteady or
distorted inflow. Tyler-Sofrin theory (ref. 45) pointed out the cutoff
phenomena associated with the spinning modes of rotor-alone and rotor-stator-
interaction noise. At the blade-passing frequency of the fan fundamental for
a rotor with B blades and V stator vanes, a criterion was established for
determining whether the spinning mode pattern of order m would propagate or
decay in a cylindrical hardwalled duct with uniform axial flow. The criterion
was given by the cutoff ratio £y @S

M
- m

A LT (3)

M */1-M

m X

The tip Mach number of the patterns is given by

BM

L I Y “)

Those equations apply for the first radial mode for a spinning nrde of order
m, given by the denominator of equation (4). Propagation of the pattern
occurs if - is greater than unity; decay occurs if - is less than unity,
For propagating modes, it was shown that the spinning-mode pattern traverses
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the duct in a spiral angle of propagation expressed as a funpction of the cir-
cumferential Mach number of the pattern,

Homicz and Lordi (ref, 46) have shown that the far-fleld directivity
pattern of the duct acoustic modes can he predicted by using simple cylin-
drical duct theary, Thoy showed that the location of the principal lobe from
an m=order spinning mode can he approximated by the spiral anglo, v at which
the pattorn propagates in tho duct. As a result, propagating modos with ute
off ratios much greator than unity will propagate at angles of slight incli-
nation to the inlet centerline and modes with fm © 1 Will propagate at right
angles to the inlet centerline, [f the inlet flow s sufficiently clear and
free of distortion, 1t should be possible to identify the moedes generated by

rotor-alone noise and by rotor-stator-interaction noise by comparing calcu-
lated and measured directivity,

4.2.3.2 Sound fields of rotor-alone and rotor-stator interaction. - Figure
103 shows the cutoff ratios for toe first three fan harmonics of the rotor-
stator interaction (rotor wake interaction with bypass-outlet guide vanes)

and the first two fan harmonics of the rotor-alone as functions of fan rotor
speed for the CF6-6D engine, Tyler-Sofrin theory was used to generate the
data, for which a hardwall cylindrical duct with uniform axial flow (refs. 45
and 47) was assumed. The effects of inlet length, inlet contour, and acoustic
treatment were not included in the analysis. The cutoff ratios were calcy-
lated for the first propagating spinning mode and for the first radial mode,
The figure shows that the fan fundamental tone due to rotor-stator interaction
(m =-42) is above cutoff for fan rotor speeds greater than 3190 RPM. The fan
fundamental tone due to the rotor-alone sound field (m = 38) is above cutoff
for fan speeds greater than 2900 RPM. At approach power settings, the fan
fundamental tone due to rotor-alone or rotor-stator interaction should there-
fore decay. Similar results were obtained for the cutoff ratios for JT9D-59A
rotor alone (m = 46) and for rotor-stator interaction (m =-~50) at the fan-
blade-passing frequency above fan speeds of 2800 and 3100 RPM, respectively,

The static-to-f1ight comparisons in figurés 101 and 102 can now be inter-
preted in terms of the modal constituents in the radiated sound field, Figure
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101 shows that for fan speeds ahove a cutoff ratio of unity (N]/Jn = 3063),
the directivity of the DC-10-10 Tlight data shows distinct Jobes at anqles of
above 60° and 80" to the inlet conterline, At the higher corrected fap spoed
of 3384 RPM, tho flight data again show lobes at angles of 60" and 80" and a
broad aft lobo areund 120", Accarding to the approximations i reference 46,
the first three radial modes above cutoff for an w - 38 rotor-alone spinning
mode should propagate at angles of 50"y 61", and 78" to the inlet, respective-
ly. At 3384 RPM, the Tirst four radia) modes should propagate at angles of
42°, 52, 63", and 76", respectively, and the first two radial modes for the
rotor-stator intcraction mode (m « ~42) should propagate at angles of 121"
and 108°, respectively, According Lo Tyler-4otrin theory the m - -42 rotor-
stator interaction mode spins in a direction opposite to that of the fan
rotor (contra-rotat1ng). As the contra-rotating mode propagates forward, it
s significantly attenuated as a result of blade-row transmission loss, and
the mode therefore propagates to the far field only from the fan discharqge
ducts. Because 10° {ntervals were used to reduce the flyover noise data, the
individual radial modes are not clearly distinguishable. In spite of that,
the flyover directivity pattern for fan speeds above cutoff is in good agree-
ment with the predicted directivity for the principal spinning modes of rotor
alone and rotor-stator interaction. The corresponding broad directivity
pattern for the static-projected levels can now be interpreted as the result
of a large number of modes propagating out of the duct associated with the
interaction of the rotor and inflow distortion. The strength of the rotor-
distortion tone relative to the broadband noise is essentially constant with
increasing fan speed and approximately equal to the flight levels above cut-
off at the locations of the principal propagating modes.

Figure 102 shows similar results for the DC-10-40 flyover and JT9D-59A
static-engine noise levels. Tyler-Sofrin theory predicts the propagation of
an m = 46 rotor-alone spinning mode and the propagation of an m =-50 spinning
mode due to rotor-stator interaction at the corrected fan-rotor speeds of 3212
and 3364 RPM. The approximations in reference 46 indicate that at a corrected
fan speed of 3212 RPM the first three radial modes of the m = 46 spinning mode
should propagate at angles of 55°, 66°, and 77°, respectively, relative to
the inlet centerline. At 3364 RPM, the first five radial modes are abuve
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cutoff and propagate at angles of approximately 30°, 41°, 52°, 63°, and 69°
respectively. In addition, the m = -50 rotor-stator interaction mode should
propagate out the fan discharge ducts at angles of 105° and 120° for the first
two radials at 3212 RPM and 104°, 115°, and 124° fo~ the first three radials
at 3364 RPM. Again, the predicted and measured flyover directivity are in
good agreement,

Figure 104 shows the measured flyover directivity for the DC-9-30 at
approach power in comparison with the measured JT8D-109 static directivity for
= . the fan fundamental tone. Tyler-Sofrin theory dnd reference 46 were again
| used to predict the principal lobé locations for the cuton rotor-IGV (inlet
guide vane) interactions m = 11 and -12, which propagate at angles of small
inclination to the inlet centerline out of the inlet and fan dischargé ducts,
respectively.

—i: For fan speeds below ¢utoff, references 45 and 46 show that the lobed
directivity patterns should be renlaced by a broad directivity pattern and
that the blade-passing-frequency tone should not propadate. Wind-tufinel
testing of various engines (refs. 13 and 48) has demonstrated that for cutoff
fan speeds the 1/3-octave band containing the blade-passing-frequency tone is
predominantly brc2dband noise. But figures 101 and 102 show that the flyover
directivity patterns show tones propagating in the inlet quadrant at cutoff
fan speeds. Figure 101 shows that the DC-10-10 flyover noise has increasing i
tone strength in & broad directivity pattern for increasing fan speeds up to
the cutoff point, where the lobed directivity pattern discussed previously i
|
|
!
|

X
-
—

dominates at 3063 RPM. The tone levels in the far field below cutoff appear
to be essentially the result of inlet radiated noise. In comparison, the
static levels are correspondingly broad in directivity and of increased magni-
tude at all angles. The broad static directivity is indicative of rotor-
turbulence interaction, which results in increased static levels of the fan
fundamental tone. Figure 102 shows similar results for the DC-10-40 flyover
and the JT9D-59A static noise levels. For fan speeds below cutoff, the flight
data snow that the relative levels of the propagatihg tones are nearly
constant with increasing fan speed. The levels appear again to be the result
of inlet-radiated noise.
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There are several possible explanations suggested for the absence of
complete tone cutoff in engines so designed. Reference 49 has shown that
inlet obstructions such as a protruding temperature probe can disturb the
steady inlet flow, resulting in a meéchanism of noise generation by induced
periodic 1ift fluctuations on the fan-rotor blades. The mechanism produces a
rotor-distortion tone at the blade-passing frequency. The characteristics of
the rotor-distortion tone can be modeled by the interaction of the rotor with
the wake from a single-upstream stator vane, which, according to Tyler-Sofrin
theory (ref. 45), results in-a large number of propagating modes at the blade-
passing frequency. Like rotor-turbulence interaction under static conditions,
the multiple propagating modes are characterized by a broad directivity
pattern in the far field. In addition, the interaction of the rotor wakes
with the core-stator vanes could be cut-on and could dominate the fan sound
field when the rotor-0D 0GV (outer-diameter-outlet guide vane) interaction was
cutoff. Reference 8 has also suggested that boundary-layer noise could con-
tribute significantly below cutoff to the rotor sound field.

The propagating sound fields for the DC-10-40/JT9D-59A and DC-10-10/CF6-6D
were further examined, in an attempt to find out if the noise mechanisms could
be contributing to the fan levels below cutoff. The core-stator stage for the
JT9D-59A engine had the same number of blades as the outlet-bypass guide vanes,
which, according to reference 45, results in a cutoff rotor-stator interaction
mode at the lower fan speeds being considered. The JT9D-59A inlet does have
an inlet temperature probe several rotor chords upstream of the fan-rotor face.
It was therefore suygested that the rotor-probe jhteraction could be respon-
sible for the cutoff tone strength at the blade-passing frequency for the
DC-10-40/JT9D-59A fan-inlet levels (fig.102). But the CF6-6D inlet was free
of inlet obstructions, and the rotor/core-stator jnteraction was also pre-
dicted to be cutoff. Wind-tunnel tests of scale-model fans at cutoff fan
speeds (refs. 13 and 48) have showh complete absence of tones at the blade-
passing frequency, which would tend to eliminate the boundary-layer noise as
a principal source below cutoff. Since the directivity of flyover Tevels
below cutoff is similar to that of the static levels (fig. 101), the flyover-
tone levels in the inlet quadrant were attributed to residual inflow
turbulence in the flight environment. The phenomenon of complete tone cutoff
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in wind-tunnel tests may be the result of levels of turbulence in the test
sez:ion too low to simulate the actual flight environment. The effects of
inflow turbulence on the DC-10-40/JT9D-59A flight levels may be masked by the
more effitient rotor-probe noise mechanisms. Oné consequence is that the use
of wind-tunndl testing without regard to in-flight turbulence levels may
underpredict the flight levels at the fan-fundamental-tone frequency.

4.2.3.3 Fan-fundamental tone correction. - The procedurés used to correct the

static-to-flight differences at the blade passing frequency of the fan funda-

mental tone for the effects of noise generation are described below. The

. corrections account for the static-to-flight differences as functions of

2 directivity angle, fan-rotor-tip Mach number, and circumferential mode number,

m. As a first step, the broadband noise contribution to the relative levels

. of figures 101 and 102 was rémoved, to yield the absolute tone levels as

¢ functions of fan=rotor-tip Mach number. For fan speeds below cutoff an

average level of the static and flyover fan-fundamental tones was obtained in

. inlet and. aft quadrants.. Above cutoff, the lobes in the flyover directivity

?2 pattern were removed, temporarily, to give a broad directivity pattern from

’ which an average inlet and aft-quadrant tone level could be derived and
compared with the average levels derived from the static directivity. The
increased fTight levels at the principal lobe locations were accounted for by
a directivity correction described later. The modified directivity above cut-
off allows an average inlet and aft quadrant tone level to be derived. Figure
105(a) shows the effect of fan-rotor tip Mach number on the level of the fan
fundamental tone in flight and the turbulence-generated tone under static con-
ditions for the DC-10-10/CF6-6D airplane. At the fan speeds examined the levels
of the statically generated tone were uniformly higher than the correspondity

; ' flight levels. Again, above cutoff the static-to-flight differences reflect

% average differences without the contribution from propagating duct acoustic

f, modes. In the inlet quadrant, the levels increase with tip Mach number until

] sonic tip speeds exist where the levels decrease with increasing tip Mach number.

In the exhaust quadrnat, the static levels are higher than the flight and increase

o with tip Mach number except that above cutoff the levels continue to increase

' with tip Mach number. Similar results for the inlet and exhaust quadrants are

shown in figure 105(b) for the DC-10-40/JT9D-59A. The inlet static levels are
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again higher than the flight levels for subsonic tip speeds and are equal to
the flight levels for supersonic tip speeds. In the aft quadrant, however,

the absolute levels for supersonic tip speed, decrease, in contrast to the
trends for the DC-10-10/CF6-6D (fig, 105{a)),

The static and flight levels shown in figure 105 were used to determine
the static-to-flight correction shown in figure 106. Figure 106(a) shows-
that in the inlet quadrant the static-to-flight differences for the DC-10 ajr-
planes are consistent. The figure shows that the relative levels for the
DC-10-10/CF6-6D and DC-10-40/JT9D-59A are consistent and decrease uniformly
with increasing tip Mach number. In the exhaust quadrant (fig. 106(b)),
the relative levels are again consistent, remaining c..<tant until approxi-
mately sonic tip speeds, where the relative levels gecrease uniformly with
increasing tip speeds. To correct for forward motion, the static levels of
the fan fundamental tone were therefore reduced in the inlet quadrant by the
levels in figure 106(a) for angles up to 70° and in the aft quadrant by the
levels in figure 106(b) for angles greater than 100°. For overhead angles,
an average of the two curves was used. To account for the shape of the flight
directivity, the approximations in reference 46 were used to determine the
angles of principal-lobe location. At those angles, the static and flight
levels are approximately equal (figs. 101 and 102). The correction methods
were therefore not applied for the angles of propagating modes. With the
directivity and the level correction, the static levels can be corrected at
all angles and power settings to approximate the measured flight levels.

The results of including the corrections to those of fan fundamental tone
for noise-generation effects and for convective amplification, with the
corrections for engine installation and propagation, are shown in figures 107
and 103 for the DC-10-10/CF6-6D and DC-10-40/JT9D-59A, respectively. Figure
107(a) shows that significant improvement is achieved by. correcting the
CF6-6D-static tone levels at the blade-passing frequency for noise-generation
effects. Figure 107(a) shows that below blade passing frequency, inclusion
of the effects of convective amplification improves the static-to-flight
agreement. In the aft quadrant (fig. 107(c)) there is better agreement for
frequencies greater than 5000 Hz, but at the blade passing frequencies of the
turbine and fan harmonics there are less agreement. Similarly, figure 108
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shows that inclusion of the effects of noise generation on the blade-passing
frequency tone improves the JT9D-59A static-to-fiight agreement. In the inlet
quadrant (fig. 108(a)), the inclusion of convection effects improves the
agreement at the broadband frequencies between the fan first and second harmo-
nics and at the high frequencies above 6300 Hz. In the aft quadrant (fig.
108(c)), there is less agréement seen at all frequenciés except at the blade-
passing frequency.

Figures 109 and 110 show that, in general, the remaining differences are
the higher static levels in the inlet quadrant and the lower static levels in
the aft quadrant at approach power settings. At takeoff power settings, the
DC-10-10/CF6-6D comparisons show higher static levels in the inlet quadrant,
except at 50° from the inlet, with otherwisé good agreement. The bC-10-40/
JT9D-59A comparisons show higher static levels in both inlet and aft quadrants.
In figure 107, the higher CF6-6D static levels in the inlet quadrant are due
to differences at frequencies greater than 3150 Hz. The static-to-flight
differences in the aft quadrant are due to the reduced static levels at the
fan-harmonics/turbine-blade-passing fréquencies. In figure 108 the agreement
is relatively good in the inlet quadrant, but less agreement is found at the
fan-harmonic/turbine-blade-passing frequencies. Figure 111 shows that at
takeoff power the static-to-flight differences for the DC-10-10/CF6-6D are
due to the propagation of MPT noise in flight and the higher static levels
above 2500 Hz. Figure 112 shows that for the DC-10-40/JT9D-59A the propa-
gation of MPT noise is not a factor and that the static-to-flight differences
are due to the higher static levels for the fan harmonics.

The corrections to the fan fundamental tone for forward motion effects
were not applied to the JT8D-109 fan levels as comparisons of far field data
did not exhibit appreciable differences at the blade passihg frequency after
inclusion of engine installation, propagation and convection effects. Figure
113 shows that the remaining static-to-flight differences in PNLT are
negligible in comparison to those for the DC-10-10/CF6-6D and DC-10-40/
JT9D-59A.
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4.2.4 High-Frequency Spectral Differences

In summary, the prominent static-to-flight differences in turl_aachinery
noise levels are at takeoff power, where, in flight, MPTs propagat: out the
inlet at frequéncies below blade passing, and at approach power, where turbine
and fan discrete tones occur in the same 1/3-octave band. To account for the
propagation of MPTs in flight, more work will be required to account for the
effects of inlet contour on the inlet wall velocities during static and flight
operation. At approach power settings, the flight levels were hicher than
those measured statically at the fan/turbine-blade-passing freque. .ies. To
account for the diffe;ences, the stati¢ and flight source characteristics had
to be examined.

In section 4.2.2.1, the predicted effects of convective amplification
were found to differ from the measuréd data in the aft quadrant at approach
power settings. Figure 114 shows typical comparisons of noise data from
Kulite (flush-mounted) microphones in the CF6-6D fan-discharge ducts during
static and flyover operation. The levels of the fan harmonics and broadband
noise remain essentially unchanged. Figure 51 compared the turbiné noise
suppression during static and flight operation measured with and without an
acoustically treated turbine reverser installed in the CF6-6D. More noise
reduction was measured in flight, which suggests that turbine noise increases
during forward motion (figs. 107 and 108).

To investigate the differences furthe*, the directivity of the tone
levels at the 1/3-octave bands containing both fan and turbine noise were
examined in a manner similar to that described in section 4.2.2.2. Figure 115
presents a comparison of DC-10-10 flyover and CF6-6D static-corrected levels
and directivity for the 1/3-octave band containing the fan second harmonic,
which is also shared by one or more turbine tones. At takeoff power settings
the relative tone strengths are equal. At approach power settings, however,
the flight data are higher at overhead and aft quadrant angles. The static
and the flyover directivities appear to cross. The effects of source genera-
tion or inflow turbulence would tend to make the static levels higher, which
is contrary to the aft-quadrant results. In addition, since the fan harmonics
are well cuton, the rotor-stator-interaction modes should propagate at angles
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of shallow inclination to the inlet centerline, which suggests that modal
constituents are not the cause of the observed differences. Similar results
are shown in figure 116 for the DC-10-40/JT9D-59A at the third harmonic
frequency.

It was thought that a scattering phenomenon similar to that described in
reference 29, occurring in the CF6-6D and JT9D-59A fan ambient shear layers
was responsible for the apparent attenuation of turbine noise in the aft
quadrant under static conditions. It has been shown that the fan ambient
shear layer is thicker statically than the flight shear layer (fig. 52). The
application of the effects of jet-exhaust sound scattering to the levels
described in section 4.2.1 did not, however, account for the static-to-flight
differences. As a result, it was suggested that the turbine levels, spectra,
and directivities, which were derived from static data, are insufficient and
that more work would be required to define the static levels and the effects
of forward motion on turhine-npise propagation.
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: 5, STATIC-TO-FLIGHT CORRECTION

f ' The use of static engine noise data to predict. atrplane/engine flyover

L noise requires the separation of the total measured levels into the principal
noise sources which include:

1. Jet Noise

2, Core Noise

3. Fan Inlet Noise
4. Fan Exhaust Noise
5, Turbine Noise

Based on the desired flight path profile, each engine noise-source levels
must be extrapolated to the far field using the engine diréctivity angle and
acoustic range unique to each engine on the airplane. The source levels are
then corrected for spherical divergence and atmospheric absorption using
standard techniques.

In addition, each engine noise source must be corrected for the effects
of engine installation, atmospheric propagation, and forward motion.

JET NOISE - Excess Attenuation
; Relative Velocity Exponent - m (or ANOPP method)
» CORE NOISE - Excess Attenuation
- Doppler Shift
Convective Amplification
FAN INLET - Wing/Flap Shielding

Wing/Flap/Wheel Wake Sound Scattering

Fuselage Shielding

Inlet Contour

Excess Attenuation

Doppler Shift

Convective Amplification

Noise Generation - Rotor - Turbulence Interaction

Wing/Flap/Wheel Sound Scattering
Excess Attenuation

Doppler Shift

Convective Amplification

Noise Generation

Wing/Flap/Wheel Wake Sound Scattering
Jet Exhaust Sound Scattering

Excess Attenuation

Doppler Shift

Convective Amplification

In addition, sources of airframe or nonpropulsive noise and jet/flap

FAN EXHAUST

1

B TURBINE

interaction noise must be included in the flyover noise prediction.
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6, CONCLUSIONS

The effects of forward motion on airplane-engine noise were investigated
by comparing scparated engine-noise sources from static-engine and flyover
noise data for DC-9-30/JT8D-109, DC-10-10/CF6-6D, and DC-10-40/T9D-59A
airplane configurations. The results arc summarized below.

1. Static-engine data should be adjusted, on a noise source basis, for
the effects of forward motion, engine installation, and propagation and then
projected to flight conditions, for each engine as functions of source path-

angle, directivity angle, and acoustic range relative to the ground microphone.

2. The effect of convective amplification on core-noise and turbo-
machinery noise levels caused by the motion of the engines with respect to an
observer agreed with the theoretical relationship, -40 log (1 - Ma cos 6),
derived for a moving point source.

3. The shift in core noise peak frequency agreed with Doppler shift
effects, (1 - Ma cos 8).

4. At all angles of inclination from the inlet centerline, the levels
of jet noise generated in flight were lower than those generated statically.
The largest differences occurred in the exhaust quadrant. The Tower levels
measured in flight are due to the combined effects of relative velocity and
convective amplification. Further analyses and tests are required to
determine the separate contributions of those effects on jet noise.

5. In flight, the normalized jet spectral shapes were broader, with
higher levels at low Strouhal numbers than those of the static spectra. Those
spectral differences had been observed at all angles. It was not possible to
reconcile the differences by considering Doppler effect alone and to under-
stand them will require further analyses.

6. For the DC-10 airplane with engines under the wing and flaps with
flap deflection greater than 30°, the jet-flap-interaction noise generated by
the impingement of the fan-jet exhaust on the deflected flaps, was responsible
for higher low-frequency noise levels in flight during approach conditions.
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In the inlet, the effect can be as much as § dB, It was significantly
less for the exhaust.

7. The differences between static and flight jet noise lavels were
correlated in terms of a relative velocity exponent as a function of direc-
tivity angle. The corresponding exponents for the DC-9-30/J78D-109 and the
DC-10-40/JT9D-59A followed similar curves.

8. Comparisons of measured and ANOPP-predicted jeét noise reductions for
the DC-9-30/JT8D-109 showed good agreement for angles of 40 degrees to 130
degrees. The predicted jet noise and core noise spectral shapes show good
agrecment at the peak frequencies for both the DC-9-30/JT8D-109 and DC-10-40/
JT9D-59A. At the higher frequencies ANOPP overpredicts both DC-9-30/JT78D-109
and DC-10-40/JT9D-59A levels., At the lower frequencies ANOPP overpredicts
DC-9 levels and underpredicts the DC-10 levels. The jet noise reductions
predicted by ANOPP for the DC-10-40/JT9D-59A are in good agreement with those
measured at higher jet exit velocities, however, the levels at the low to
mid velotities are overpredicted.

9. The static-to-flight differences (the differences between static-
projected and flyover-noise levels) for the DC-9-30/JT8D-109 airplanes were
found to be due to wing shielding, wake sound scattering, and convective
amplification.

10. For approach power settings the effects of engine location and of
fuselage shielding on DC-10 flyover noise are canceled by the effects of con-
vective amplification. The improved agreement in the mid-frequency range is
obtained by including DC-10 nonpropulsive noise in the static-projected noise
levels.

11. The high-frequency static-to-flight differences were shown to be
smaller {f excess attenuation in the atmosphere was taken into account.
Further analyses are required to more accurately determine the absorption
coefficients as functions of altitude and freguency.

12. Acoustic measurements with far-field microphones indicate that the
static-to-flight differences in fan noise are due primarily to differences in
noise generation at the fan-blade-passing frequency. Static data are
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characterized by a broad directivity pattern with increased levels due to
inflow distortion that must be caorrected to the labed directivity in flight,

which is due to the propagation of spinning and radial modes for rotor-alone
and rotor-stator interaction tonts above cutoff.

13. The presence of propagating fan tones in flyover-noise measurements,
at cutoff fan speeds was attributed to residual inflow distortion during
forward motion, Further analysis will be requircd to isolate the particular
noise mechanisms that generate the blade-passing-frequency tone,

14. More work will be required to define the effects of inlet contour
on the propagation of multiple-pure-tone noise at supersonic fan tip speeds.

15, The remaining static-to-flight differences are characterized by the
increased flight levels at the 1/3-octave bands containing both fan harmonics
and turbine tones. Measurements havé suggested that the fan harmonics and
broadband noise are the same in static and in flight conditions, which suggest
that turbine noise becomes more prominent in flight. It is thought that a
scattering phenomenon is responsible for reduced static levels of turhine
noise in the aft quadrant. More work is required to define the turbine
spectrum and the directivity shapes under static and under flight conditions
and the effects of forward motion on turbine-noise propagation.

The results show the importance of properly identifying static and flight
engine noise source levels, spectra, and directivities and of adjusting the
static noise levels for forward motion on a noise source basis.
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7. SYMBOLS

primary nezzle arca, m2

number of fan rotor bladoes

blade passing frequency, Hz

fan booster stage BPF, Hz

Decibel

diameter of primary nozzle, m
1/3-octave-band center frequency, Hz
core noise peak frequency, Hz

fan BPF, Hz

Hertz

flight-effect velocity exponent
circumferential mode number

airplane flight Mach number

tip Mach number of spinning mode pattern
cutoff tip Mach number of spinning mode pattern
fan-rotor tip Mach number

axial Mach number of inlet flow
multiple pure tone

static core-noise OASPL versus jet velocity correlation slope
overall sound pressure level, dB
tone-corrected perceived noise level, dB
sound pressure level, dB

turbine BPF, Hz

number of fan stator vanes
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AOASPL
ASPL
AATL

£
m

airplanc flight speed, m/sec

primary Jjet velocity, m/soc

relative jet velocity, vjp»vn. m/sec

excoss attonuation coefficients, dB/330 m

difference between static and f1ight OASIL, dB

difference between static and flight SPL, dB

difference in slant rangé for projéction on on¢ spectrom to another, m
cutoff ratio of mth circumfurential mode

angle between inlet centerline and observer, deg

variance defined as the sum of the square of the differences between
measured and estimated SPLs for 1/3-octave-band center frequency

to to 10,000 Hz

principal lobe location for a particular circumferential and
radial mode number, deg
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FIGURE 42. COMPARISON OF FLIGHT AND STATIC-CORRECTED PNLTS FOR THE DC-10-10/CF6-6D)
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FIGURE 45. COMPARISON OF FLIGHT AND STATIC-CORRECTED PNLTS FOR THE DC-10-40/JT9D 59A.

PNLT

@) NI = 2384.0 RPM

ALTITUDE 1204 M

] ] ]

]

i

100

120

140

160

5 PNdB

B) N1/ = 32340 RPM

1 1 | ] 1

1

ALTITUDE 347.6 M

// I

. 1 l

60 80

100

120

ANGLE FROM INLET CENTERLINE (DEGREES)

119

.. o — 2/ G mm———— ,I e w vs om




‘WdY 0Y9EZ = Q33dS HOLOH NV G3LIFHHOD "HIAOA TS (LOO5-G6E) HILIW-V'0ZL
v ONIYNA YV65-A6L1/07-01-3a IHL HO4 VH1I3dS 1dS A3193r0Hd-011VLS ANV LHOITd JONOSIHYJINOD "9y 3HNOIS

zH ‘AIN3INDIH4 HILNID GNVE-IAVIOOE/L

000'CL ©CE9 OO0y O0SZ 0091 000L 000°0L 00E9 000y 0VOSZ 009l 000L B00°'0L 00E9 000y 00SZ 00951 00OL

!
«
(>4

|

[

<
E-

L

1+ 1 I 1
T n
w N

8L 94 vl 18

$3349530 0Z1 {3}

| S S S

]

"
-

1

|

b

L}
-
>

1

-n
w

[

LI

-
-3

L
-n

128
oL 81 18 2

$33493a 06 (9)

I I S I I B |

]

|
-n
&

i

1

bl €4
9l gl 8-

Fl

T 11

n
N

$33493a oy (e)

) D U

LR

“n
-

€p ‘13A37 IHNSSIHd ANNOS

120




I = e \1 - T T T T T T - - T —_—
| ; A
m
NdY 0'PEZE = A33dS HO10YH NV4 d31233HH0D "HIAOAA (L004-0vL1) H313N-GLYE
v ONIHNG V65-A6LF/0v-01-0a 3HL HOd4 vH123dS 1dS A3L103r0Hd-I1LVLS ANY LHO1T4 40 NOSIHYJWGD "2y 34NOId
ZH ‘AJN3IND3IHA HAINII ANVE-IAVIIOE/L :
o §haw§§¢§~§—§w§.o—§§c8m~ 009L 000L OBD'OL 00£9 ©VOOY 00SZ O00SL 0001
| S S S S AL R T 1T 1 17 1 0 11 ~ 71 1 17 17 17 1717
(o R s 3 b o g 3 u,,/u =z
& a3 ry ,/M
= ry %
- \ w -
\ = -
O b
-
>
R m
B % |
b}
o:.ﬁm.\«\ m %
- |
m
<
e m
r
(- %
- — - — ®
= $33¥93a ozt 19) $33¥930 06 (9) $33493a 9 () %
j I N S A N B I O SR B NS S B S B [ S R N R R B
i




INVIdHIY 01-20 NO NOILVY3I0T INIONI JALLYIIH  "3F JHUNOIS

R
e w0C°8 wgT’8 .'l

122
S

wyS cs




ALIAILD3IHIA 3SION HIAOATS 01-01-3G NO NOILYIOT INIONT 4O 103443 "6v IUNDId

B AAA A

!

INOHJOUIIW

17V 14 00S

$33¥930 01

123




ISION NV 20 NO*U9VdOHd IHL HILTV HOIHM S1I3343 NOILYTTIVASNI OE-6: 00 "0S 3uNO1Id

/

ININILLYIS GNNOS ,
INVM 1ITHM/dV1/ONIM \
j
-
T/ I
O O | ONIQ13{HS DN
D Q]
Cs7 » »n

( ¢
)/\/N%

124




il @92 = GI34S HOL0Y Nvd @3193¥H02 "13INY IHL WOHL $IFIHOIA 0zt LY NOISSIHIdNS
3S1I0% INIGHNL G9-942 NO NOLLOW aYVYMHG4 ANV INIFNLYIHL J11SNOJV 340 123443 '1534NOH

ZH ‘AONINO3YS ¥IINID ANVE-IAVLO0 £/1

0008 00t9 0005 000v 0S1E
,7 ¥ ¥ ‘.. ¥ e
o 3D s ~
; @ o @ 11— ,
_m - — - )
“, »
. —C 0
! \\ N e
. N\ 7
y; N\ 7/ 41 @
/ \ Cu ﬂ
e 7 // \\ - m
BT T . !
ll\/ dz  apdsv |
J11V1S 994D !
: H£ |
w
1y A
14914 c
a9-942/01-01-0a .
9

* - -,
SO JUF 3 S




YIMOd HOVOUJdV 1V 11X3 31ZZON WOY- SHILIN Z26'0 STTI140Ud >._._QO.-%> INVM LSNVHXI G994 Q3LVINILST TS 3HNOIY

ANODJ3S/SH3LIW "ALIDOTIA LSNVHXI

00t osz 00z oSt 00l 0s 0
| | ] | 0o
X
>
=4
-1 €0 >
>
)
]
- >
2
(2]
m
90 >
2
2
m
P-4
. )
Z
m
- m
SH3 13N ZZ0 4 60 o
« <
m
SYILAW Y0 2
/ 5
m
&
¥ 1,.. =
zZLo m
[72]
SZ0 = 5|\1
_ 00 = W—"1
S1°0

126




430VL/ITTIIOVN A21VIHL/0Z-6Lr S, 1dS INIONT J1LVLS NO HNOLNOD LIINI 40 193443 €5 IUNOHI
zZH ‘AON3IND3H4 HILNID ANVE-IAVLOO-E/L -

008 00Ss GLE (1174 Get 08 05 008 005 SlLE 00¢ 1°74 ] 08 0s

* f
gp o1

13INI 1HOITd LELEL
\ t 3HNSSIHd
annos n~

—137INI 1HOITd

\ i ~————"
{ S -~ t— A
-/I:IH \\ / i
AN T i
/\ E._Z_V
13N HLNOW 1138 ﬂ kaos_.J_wm |
$334OD3a 0Lt $334930 0S5 |




\ d3mMOd 4403NVL TIAIT-VIS-OILVYILS
1V 13N ORIM 02-Q6.L1/0170L-00 NO SNOILNGIHLSIA HIFNNN HOVIN TVI0T  “#S 3HNDI

128

pum—




H3IMOd SNITD XY
LV LHO1T4 NI L3TINI DONIM 02-a6.L/0¥-0L-00 NO SNOILNGIHLSIA HITWNNN HOVIN TVI0T  "SS IHNODIA

H.!l.\- |
/'

. NN
/ \ { ]

yd . . §§0 '
_ e L W |

—~— 90

\ \ I/NO / ‘ )

l..l.!ll-‘l!/IAf.\.li.},l — W

v
.
13

TR U Py SRy - W TR AP P PN RSP S PRl TPt - VAP JUS WS IS B




$30HNOS 3ISION FAISTNIOHINON ‘95 IHNDI4

_
SY00Q aNV

o T1IM TITHM
400a any |
T13M T33HM . _N,N._\me NIvW SLVIS 'Sdv1d

7Y
: .\%w IDVYNNIJNI
)= ONIM }  ALIDILHOA INVM

= /ﬂ IOVIISNS
WEIN'A
A¥YANNOg \ov\o\

d

130



SH3ILIWY'CSL — 9-940/01-0L-0A HO4 YHLIIdS ILIIFOHI-DILVLS ANV LHOIT4 40 NOSIHVINOD LS 3HNDI4

Sifyed sag

(ZHM) AONINO3YL YILINID aNVE- m><._.00-cm_z._..u20
c.w 0S ST'E 0¢C mN.a wmo.w oS mmm 0¢ mN:n wcc.w 0§ STE o.N SC1 80

T T §
14

T T ¥
| &

\

{ 1 *

.

\ \I 1HOIN4 ap o1

A

.
R Y
\

-

- T -
Sowr nd

JlLViS

WdY eeve ()

Wdd 0£0€ (q)

WdYd S9ve (e)

1SNVYHX3

13A3IT
JUNSSIAd
anNnos

137NI

131




3INIONT 9940 FH1 40 TTVM LITINI HL NO A3IUNSVIW VYH1D3IdS ANVE-MOHHVYN JILVIS ANV 1HDIT4 40 NOSIHVYIINOD -85 3HNDIA

(zH 000T) ADNINDINA
o1 8 9 L4 ¢
| ¢
ap 0L
4

" o

+ +
Y o o s 2 a8 B 0 -

J3S GZ JNLL DONIDVHIA
WdY S9vZ 033dS 0L0Y NV

ZH O H1AiMaNVE
€ NOILYD01 INOHJOUDIN

(8P) 1IVM LONA NO 13A31 34NSSI¥d ANNOS

132

< T S - A S U S U E




g — — — s emmn e etears < 2 g e aser s 7o
FRIEEES
HOVOYHddY 1V @9-942/01-01-2Q HOS HIHLVIM HLvd GNNOS °6G IHNOIS
7 ALLYIEY (4o) JUNLVHISWIL
oYy Of 02 Ol DOT 06 08 OL 09 OS5 OF Of
S T T | T I 0 2
{0 o e
: H -
- ydi
_ ® __ I
1! =
3 “ 7
T ] A -1 % (14)
- IS ® ® |1 aNnoyo
i 3A08V
® i ————® AN 1H913H
— .m ] @ H — @ — oL
: "ON 1S31 “
. _ R P
o8t
V 4 c.‘




-
—— ™ c—

HOVOUddY LV 9-9140/01-01-00 IHL HOd $2%L5vi10 14V IHL NI A34NSYIW YH.1I3dS 1dS 09 IHNDIY

apP oL

eisseae e | (zH) AONINOIYS YIINID ANVE-3IAVLIOE/1
0008 000S 0002 008 GIE T4 | 0S
_M t | i ] | I

1dS

134




e i
Paseats
- NQi1IIHYHOD HIHLIVYIAN GIYIAVYT HIL4Y S1SIL HOVYOUIdY 01-01-0Q NIIMLIF NOSIHVYIWNOD TYHIIIdS ‘19 3IHNOII4
_ _
(ZH) AONINOIYS YILINID ANVE-IAVLIO0E/T

T 6008 DOOS 0002 008 SIE (T4

ﬁ 1 ¥ { i | 1
- 1dS

|

ap 0L




i
HOVOHddY SISATVYNY NOILVNANILLY SS3DIXI 29 3HNOII
Z ONd31S
Ll 0 Z
ST ON IR L ON W7
! 1 'ON d31S

Wivd LK1

136

v




1HOIT4 13AT
~ JANLILTY [UYS FHL 01 G3LSNFAY SNOILY3IO0T INOHJOHIIW LNIHISHI0 WOHS YHLD3dS 40 NOSIHVLWOD €9 3HNO

ZHE ASN3ND34Hd H3UN3ID ONVYE-3AVIDO /L

oa0s @00S  OSIE ooz Osz! 008 005 s1e 00z szL 08 s
[ ¥
w ; ]
| 1
; :
; g ;
_ zugL oett 06 1°59%1 110 £ S8 £ e

ZIgl zevL 06  vEsvL 012 9 58 €& ———
© i 1Y QIISATOY (@) 1V 1S31 ONY  (idH) LN DO OUN Otid NNY 114 TOBINAS

i

|
_ [~ < 8P 0L

(8P} 13A 371 3UNSSIHL ANNOS

137




—

ab TERT ALTITUDY

104

=E!

SQUND "RE SURE LEVEL

Ny TLST ALY
SYMBOU  FLT HUN MIC MICLOC (HPM) ANG (m)

— 1) 27 1 (o] bava.r oo 202.7
—- 1) 27 g clo vaarg  w' 113

e 1 i

1 | Lo | | N T L —_ . .
60 80 126 200 318 600 80N 1250 2000 31HLO  bLOOD  BOLO

1/3-OCTAVE-BAND CENTEHR FREQUENCY (H/)

bl ADJUSTED ALTITUDE

10 d8 /_—' -

®

]

P

w

S

w

-

w

o

2

A

w

x

[-%

Q

g

2 N TEST ALT ADJUSTED ALT
SYMBOL FLT RUN MIC MICLOC (RPM) ANG {m) tm)
— 10 27 1 ce 54541  90° 262.7 1214
- 19 2} 6 c10 54419 go¥ 1131 1214

| ' | 1 | | ) N L

l 1 .
50 80 12 200 31 500 800 1250 2000 3160 5000  BOOO
1/3-OCTAVE-BAND CENTER FREQUENCY (H.)

FIGURE 64. COMPARISON OF DC-8-30/JT80-109 SPECTRA AT DIFFERENT MICROPHONE LOCATIONS
ADJUSTED TO A COMMON APPROACH ALTITUDE

138




1000

W TEST ALTITHDI

N LS AL
SYMBOL  FLT HUN MIC MIGLOC meM)  ANG i)
o— )} ) 1 6 Wt vt 06
- 2 by 6 €10 oss vt 240.6
| { ] ] i | | 2l | |
) 80 196 200 ML OO BOD 1260 2000 3160 bUOOL  BOOO
1/3-0CTAVE-BAND CENTE KR FREQUENCY, He
1) ADJUSTED ALT
1048 A
I —~§~~
7
% 4
J /
R e N4 \
4 v \
w \
g \
] \
w \
T \
[a]
2
D
Q
[72)
N TEST ALT ADJUSTED ALT
SYMBOL ELT HUN MIC MicLoc (HPMI aNG  (m) (m
— 2} b3 1 cs h37.2  wo¥ 607.6 2625
e e 21 53 6 c10 065 90" 249 .6 2620
1 N 1 i i 1 | | Lo
50 80 12% 200 31b $,00 800 1250 2000 3150  HOLO  BOOO

1/3 OCTAVE-BAND CENTER FREQUENCY, HY

FIGURE 65. COMPARISON OF DC-9-30/JT8D-109 SPECTRA AT DIFFERENT MICROPHONE LOCATIONS
ADJUSTED TO A COMMON TAKEOFF ALTITUDE

139




a) TEST ALTITUDE

)

-

-

W

>

w

«d

w

I

=

(%1

g

[-%

a

2

S N TEST ALT

2 SYMBOL FLT RUN MIC MICLOC (RPM) ANG {m)
— 212 45 7 c73 34971 90° 837.6
———D12 45 1 c6 34826 90° 4767

i 1 | 1 ] ] 1 ] | J
80 80 126 200 315 500 800 1250 2000 3150 5000 8000

1/3-OCTAVE-BAND CENTER FREQUENCY, Hz

Q

-

-

Z

-

W

2

«

(-

=}

z +

=) N TEST ALT ADJUSTED ALT|

8 |svmsoL FLT RUN Mic MicLoc (RPM) ANG  (m) (m)
w— 212 45 7 €73 34971 90° 8376 476.7
-—— 212 45 1 ce 34825 80° 4767 476.7

1 al | | L | 1 1 | L

50 80 126 200 316 500 800 1260 2000 3150 5000 8000

1/3-OCTAVE-BAND CENTER FREQUENCY, He

FIGURE 66. COMPARISON OF DC-10-40/JT9D-59A SPECTRA AT DIFFERENT MICROPHONE LOCATIONS
ADJUSTED TO A COMMON TAKEOFF ALTITUDE

140




QV3IHYIAO 1V Q3HNSYIW V1Va YHLD3IdS 601-G8Lr/0E-6-00 NO IANLILTY JO 133443 "£93HNOK

(w) IONVLSIOV

0s9 00s 0SS 00Ss osy ocov 0sE 0ot 0sZ 00z 0s! oot 0s

!!!!!! aee® PRTTT I = 8mN

9 (8P) 1dS ¥

ZH 000S

NN

4

\ g
zH 00E9 \
‘ oL
zH 000°0L “
1 ct
zH 0008 7

(w)689 o.__.nou 430IVL _ (W)oEE OLLEL  HOVOHddY
1 [l ] 1 ] 1

VT k5w

141




ood&obende .

T08WAS NNY  1Td

(w)0EE ANV 004 N3IIML3Y GV3IHYIAO LV QIHNSVIW SINTIDI4430D NOILVNN3I

(zH) AON3IND3H4 HILNID ANVE-IAVLIIOE/L

601-a81r/0€-6-0d

1i9-§530X3 89 IHNOI

000°0L 0008 00S9 0005 000y OGLE 00SZ 000Z 009L 0SZL 000L 008
I T T 1 T T _ % 5 ZEmn T ! T 9-
v
. ® ®
A4 @
¥ o4 "
" B M

_ I 0
(8 €2

98 €2 Hz
8 £

v8 € -
ze 6l

i1 6l s
oc 6l
6z 6L

gz 6L s
z 6l

ot

o Ha

O
% —A v
147600000 = "0
-9l
v v
8L

(woge/apP)

%o

142




12
FLT RUN SYMEOL
10k 2 63 (]
21 64 PaN
N i) o)
8l DC-9-30/4TBD-109
(53 aae
E
[=]
I o
»8 a
0
- <
(m] o A
o g o n
AN
N s &
Ay A
~2
o | | | | | | | | | 1 |
800 1000 1250 1600 2000 2500 3160 4000 5000 6300 8000 10,000
1/3-0CTAVE-BAND CENTER FREQUENCY (H4)
8
FLT RUN SYMBOL
6 212 a4 o
212 45 o
212 46 A
4 DC-10-40/JTOD-69A a
a
2
a
E
g8 o g8 8
% o A uy 0
do'.\% T A JaN (a) o e
(o}
-2
& N
4 -
.6 —
" | | | ] ] ] | | ] i 1
800 1000 1250 1600 2000 2500 3160 4000 HO00 6300 K000 10,000
173 OCTAVE BAND CENTER FREQUENCY M
FIGURE 69. EXC&SS-ATTENUATION COEFFICIENTS MEASURED AT OVERHEAD DURING TAKEOFF

143




HIVOUYddY — SLNIIDI44300 NOILVANILLY-SSIOXI AIOVHIAV 0L 3HNOI4

(zH) 4OZN:OW~E H3IN3D ONVE-IAVLIDO0-E/T
00001 0008 OOE9 000S O0OOF OSIE 00SZ 000Z 0091 OSZT 000I

9-
v-
2

—{{1 0

£ £ & Z

\ u 0
1

o 4

9

8

*p
(1) §
0
\ WOEE ANV LEL NIIMLIET AVIHYIAO d3"vNsSv3In viva cl
60L-08Lr/0£-6-00 O
1
1)

91

144

(woegE/49P)
$20




440IVL — SLNIIDIS4300 NOILYNINILLY-SSIIXI QIODVHIAY

(zH) ADN3INOIYA ¥IINID ANVE-IAVLIOE/T

‘LL 340904

000'0T 0008 OOE9 000S 000V OSIE 00SZ 000C 009T 0SZT 0001
WO

Qi

o ¢

q 1) @ { 3 90

7 0 (3

1]
! Xu ,
9
7/
7 8
7 WO0zZZ ANV 092 N3IMLIE AVIHHIAO a3HNSYIW viva
4 eor-agir/oe6oa 0 —1 01
w088 ANV 0S¥ NIIMLIE AVIHHIAO Q3HNSYIW Vivad 121
v65-06.1r/0¥01-00 O

L I M e B P

145

(wogE/AP)
0




INITHILNID LI TNt WOHA

GNV ATTIVILLVLS AILVHINID ST13AIT IIHNOS 3ISION 340D

005 ANV SNIQVY Y313IW-L'Sy 1V LHOITH NI

GNV ‘L3r “IV10L 60L-G8Lr 4O NOSIHYdWOD "2/ 34NDI4

L°T €°C £°C 1°¢ L°2 1A £°C 1°C t°z 14 £°C 1°2
{ H 1 1 i ! | { { ! 1
- - - )
o =
. ) !
(O} o) W A
&8 cIzTIz - - P D -
A s O - 27 8
& - Lo o~
s St so O R pa& e z o
AR \%\%\% 4 O z
Ve S 7 W\O w
A o — ZubITz Ao 2
A T --en prayet c
) e i & ]
m,l ~ ». A\Q — \-.H'1»w.1) 3
u.o . - .nlc\'/u o A v e -
- / <
m
-
jo R
ap oL _
Iap _ 900 _ TVIOL |~, 4
*OIN aNNO¥H - ENTONT TTONIS h
c‘




INIHILNID LI TIN) WOHA 406 ANV SNIGVH HIALIW-L'SY LV LHOIT4 NI
ANY ATIVILLYLS G3LVHINIO ST13ATT IDHNOS ISION IHOD ANV “L3r “TVLOL 60L-Q8LF 40 NOSIHVAINOD €L IHNOI

4
L7 ¢t £°C L'z LT 2 €2 1T L2 ¢z €2 1°2
r 1 1 — ¢ T T r T T T
o . 4+ 2
O ™ —
VA )
o =
A ‘ . . \\mw. \O “
\ O 7c) A O
Nt TSI 2 S :
30 e e e Z “
LTI - A e (X o =
<~ ©° \@& vEizz - AP 3
A0 - 20 7 PELYO) B m
L , e 4
& O — [IIVIZ [}
bmwle e %Moao m
— Rt - o Y . : "
a” € &b A oo T m
VARG , 5 m
(=X
-+ - ||~|I -1 e
ap ot
T d FYOO i TVIOL h i

*OIH aHAOYH INIONT TTONIS




ANV ATTVILLYLS GILVHINID ST13AIT 3DHNOS ISION 34O

INITHILINIO LI TNI WOHS o0Vl ANV SNIAVYH HILIW-L'Sh 1V 1HOIA N1

d
£10tg0q
L T €°C €°C *C L7 LA £°C t°¢ t°2 Sz €2 1°Z
[ | ¥ |} | ] | | | { I 1
Jm - -
A CHOIZI —. . =
A e S 2
= ’ \“VNWF\MV\AW\ A 2
3 - — .'A
-~ - - ’t.,.r @ .Y \ruu.\ N..ﬂ‘mn R ./
THETC . R Y -
RS-} B s ] e )
; — OIIvas A v
AN 9 & @
& - - A @‘. -
3 — . O
202 T A @ - -IIIVIZ
- S/ -
u 0] T 4 Jo, w
2 b ar oL
)¢l &
\ Iar TUOD i TYIOL l.«l i
*OIH aNNO¥D ANIORT TTONIS

D ANV “L3f “IVL0L 60L-G8LF 30 NOSIHVINOD b7 34NO14

8P "13A37 34NSSIY¥d ANNOS 1TY¥INO

148




ALID0T3IA L4VHOHIV I3S/W-Z9L LY STIATT
JHNSSIHA GNNOS TIVHIAO ISION-IHOD 601-0811/0£-6-2Q NO NOILYII4ITdINY 3ALLDIANOD 40 133443 ‘G2 3HNO

530 ‘ITINI KO¥Yd JTONV

094 ovi ozt oot 08 09 o 0z
N 1 1 _ _ T I _ [ _

149

*

o= O 00D
N

W OMme DO
[ I I I T T

f*lt"]f.‘lf‘lN"\
oOOAL 0

a
™
o
fip *TdSVOY *STIATT DILVLIS ANV IHOTTANT NHAMLAH HONHMALATA

J3S/K ¢ A




ALIJOTIA LIVHOHIV D3IS/W-Z9L LV AININD3IHL V34 ISION-3Y0D 60L-A8LE/0E6-20 NO NOILLOW QUYMHOS 40 193443 '9Z 3HNOIY

20 ‘IATNI MO¥d TIONV

ort 0oct 00! 08 09 oY 0¢Z
I _ _ _ ] _ 0°0
S{OHJOHD IN WNNO¥H TIINOOM-HSNTI

pu— m.o

— o. P

— 5L

4-(0 800°u-1)
S O

o13E38 Aﬁwm )

Smwaﬁmammﬁ

150




ANINOIXI ALIDOTIA LHOIY
3SI0N-137 601L-G8LI0E-6-30 NO ALIJ0TIA JALLYIIY ONV NOLLVIIIITdAY JALLIIANOD 40 193443 ££ 3HNOI4

9IC ‘TAINI WOYI TTHRY

03l obi ozl 00} 0B 09 o¥ 02
1 I T [ 1 I T T T I T I 1 S
d¢_ ,I13x, .01
("7A/TA)Y 30101
= W ININOJXH
I ,-(8 s00°u-1)%*80101 - TaSVOV 0

6°8LC
0-0te
L7yee
kAR YA
£°16€
S 9%y
7°68Y

- st
J3S/K mﬁb _

oOas04d

SAIAVE ¥4I3R-/°Cy INOHJOYITH ANNOYD

8388 | o

XLID0TIA
JHOITA

o




~h
"0 N
rd V\“
v
e
th e V4 ,
/ - FLYONT N
g | /4 N\
’J =t » / \\
% | OPATIC N R
3 -l \"‘\
& N\
N
- \\
\\
- 'hly 1 Ao .. i .. R SRR IVRPU SO |
“-1.6 =14 Q4 f LY 040 Ued N} 1,0
£D
ug -
10 [v” v‘]
(a) 500 FROM INLET CENTERLINE
-5"
|
"10i' TN
i e \:’\’
i /-— ’ \
| P N
. e .
-15* // .
% | /'/
d  -e0f 'Nsnmxc
S
5 ~25f
1 \
! N\
-50‘» ‘\\
l \\\‘
351 ] i, \ : S
"106 ‘102 "0.8 .004 0.0 00 008 ,02

o)
, o84 [‘v"a";-"‘v“,

(b) 90° FROM INLET CENTERLINE

1.6

FIGURE 78. EFFECT OF FORWARD MOTION ON DC-8-30/UT8D-109 AVERAGE NORMALIZED
JET-NOISE SPECTRA AT 45.7-METER RADIUS




~

(G3NNILNOD) SNIAVY HILIW-L'Sp LY YHLIIIS ISION-13r
G3Z1TVINYON IDVHIAVY 60L-G8LF/0E-6-3G NO NOLLOW QHYMHOS 40 193443 "8 34NSI4

ANTTHIINGD IFINI HOdd 0L ()

9°L 2t 8°0 b0 0°0 °0- 8’0~ 2°I-~ 9°i=-
L T T MMO

8P “1dSV0-1ds

163




—— "

INITHILNID LITNI WOHS 0S ANV SNIQVYH HIALINW-L'SY LV LHOITA NI

ONV ATIVILLVLS GI1VHINTD ST1IATT I0HNOS ISION FHOD ANV ‘13r “IVLOL V65-G6Lr 3O NOSIHVIWNOD 6L34NOI4
e bO rmOﬁm
L°T L £°¢C 1°¢ L°¢ G°C £°C 1z L°¢ 1A £°C 1°¢
3 | SN B | 1 T T SRS S | 1 T T T T—1 T T o
Ve IW - o
: <
P w\u\ : m
o 0TIVIE — RO B
. Ne T - : - -
. nm-,\ - K\R& ) |® 3 S
STTVTY @hw\ & F oy o
vl Te l Ab .\O\DR %&\R m
- P \\ P ‘< s . o lum
s - R A e ) A »

i .0 . . , 2
® \ zmorae N L=
£ m
2 ° . re
/ m
<
m
r
3 a
B - -4 a

i _

=L d8Cco TYI0T gpoL
o 4 l.hl -
oI qHAOYS INIONE JTONIS
(&} -

154




INITHILNID LTINI NOHd 406 ANV SNIAVYH HILIW-L'SY 1V LHOIMA NI
ANV ATIVILLYLS @3LVHINID ST1IAIT 30HNOS ISION IHOI ANV ‘13r “I¥101 V65-a6Lr 40 NOSIHVANOD 08 IHNOII

s >r\ wO.H
L°T €7 £°7 i1 r°¢ St €°C (A A A ¢z €°C rd
3 | | | [ | [] [ 1 ] H 3 b | 1 [ 4 ] 3 ] 1 3 i
- 4- J
3
\&\ >
CTETLE — o ol

DT S — 4 . o -
iniaiind N , \bﬁ.ﬂu OF2) \.\w
) e N
A SHOITE — %

N “ - s ate oy e g “ 3 4
At . N— IS . W\
4 |

P “13A31 34NSSAUd ANNOS TTVHIA0

,ﬂw.m\\.’ w m\ q
3P N 2R
= @& —— iy et 3 - Lot & .
& ] . LD \ AT TETO g
L 5 HIRENAY
Vr : L
i /
3
t
!
het - -
= .w TECC TYIOL apot
4 IblnL
O qQEL0¥S ININET JTIOUAIS

1565




3NIFTH3LNID LI INI WOHH 0L ANV SNIaVY HILIW-L'SY AV 1HOITL NI
ANV ATTVIILVLS Q3LVHINIO STIAIT 30HNOS ISION 3HOD ANV “L3f “TVLI0L V65-A6Lr 40 NOISIHVAWNOD L8 3HNOI
o
£
L°2 ¢z €7 A A4 14 €°7 1°C £°¢ 6T €7 | 4

1 1 i 1 ! ! H H 1 t ! 1 r 1 1 ' 1 T
(o)
e - 4' - A
m
|

> ]
o\b P “
0} s T
CHOITS —— A
;. ENL AT o 1 ]
O] ’ /.\\M \\\ m
w.. FotanCll ¢ ©
SEEINT e e IEOTLI — & o 8
/, . . o . . 0
) s e 20
A . < - " A s - m
& P \ Rt See ol
.\ r\'c s ) V4 n
o s 1 \vu\ w
yd
e w i . ! o ; - -
£ &/ B
A o OIZTES N m
A A N .
® o £ o . ©
G R 4+ / ® 4
C o] *
& d apoL
\( aicy TECD o} T¥L0L
J i / 'nr 4
OIN aNOo¥D INTONT JToHIS .
CI A 4




___J
ALIJOTIA L4vHOHIV 23S/IN-29L 1Y STAATT
JUNSSIHd ANNOS TTVHIAO IASION-IHOD V6S-A6LH/0Y-0L-00 NO NOILLYIISITdNY JALLITANOD 40 123443 28 3UNOIY
HAC ‘IAINT WOMI TTIONVY
- j=1
09} ovi ozl ool 08 09 oY 0c =
=
T ] J ] J I I I I [ 1 ] T - =
=
-4
cC
— m
— &=
e
-
=
< 5
.ﬁN.u
— —_ P m — ]
=
Lo
— o m
a3
N 9°Z61 0] | m y
811z O o
: v 19T A &
— N =
. 7°897 (0] 2 AW
=
23S/K e o — W A
4ty (8800 R-1) o0V Z
¢ -
[=%
=




ALID0T3A 14VHIHIV -
- J3S/INT 9L LV AININD3HL HVId ISION-IHOD V65-A6.Lr/01-01-00 NO NOLLOWN GHYMHOL 40 103443 ‘€8 34NDIY

93Q ‘IFINI WO¥d MAJH¢

- or!t ozt 00!t 08 0 ov oz
I i I I I [ 0°0

INOHJOYOIM ONAOYHD TILNNOW-HSNTI

— 6°0
(8 800°0-1) I/
S © |»Im
L 8 ¥ 8 gt — oy Om3EIS qeed,
O RO TR ONEE © JNEE o JIR v. —— Axwmm )
- © 6 6.0 06 © 0 o ©O T ()
- g & <o <& . |
— G°t
OB H
B 9°Z61 Y,
8 117 8] v
v YT O
7°892 (0] 0°¢
— “\ )
9IS/K
.Qﬂﬁ .
A s.




7

—

i

ANINOIX3I ALIDOTIA LHOINA
ISION-13F V65 A6L1/00-0L-30 NO ALIDOTIA JAILYIIH ANV NOILVIIAITdNY JAILIIANOD 40 133443 v8 JHNOIS

HFA ‘TITINI Woud TTONVY

o9t ovi ocl 001 08 09 oV (074
_ ! | ! | | | ' ! ! 1 i 1 !
| “ v 9
“ . v e
— 9 N o
| - @ ®
| - v mw o mw mw mW 8 MW 2
m A 4
2 o
@ m ¢ ININOIXE
& AI100T3A
IHOT1
7°897 - oL
M dVld oS | 97562 v
_ 6°01€ °
L°9TY YAN ,
Aamb\.moubo tgo101 8°9€Y 7 -
_(6 800 W-1)" "800l - TdSVOV ° 0°08Y O w
6°20S O |
93S/: .a.n>

ANIOXT FTONIS

SAIavVd d3IIR-L°GY

ANOHJOIOIW ONNOID

0¢




T ONIGNY1 HOYOHddY GNV J303INVL HO4 WILSAS dV14-ONIM GNV 3TT130VN INION3 V65-36Lr/0r0L-00 -G8 IHNOIS

160
|

i



152,4 METERS LEVEL FLIGHT GROUND MLCROPHONE
P e o .
()" FLAP DEFLECTION
o= 157 FLAP DEFLECTLON )
S, < - ;-‘*‘“_:1'
-~ “:\\ N S - ;7/:(,—-—‘
I XSV /

S Y SIS SR S S S S
(a) 60° FROM INLET CENTERLINE

| - s oA e T LN o —

SOUND PRESSURE | - SN ]
f |
! '
l. L U i | I 1 e

(b) 90° FROM INLET CENTERLINE

— et =4
:_:_:.:-,-._—:-- '“\‘:\.N /"‘:t:‘:,‘\ ‘/
-\‘7&__.”

T
5 dB
-t
] | L 1 A . ] 1
63 125 250 500

1/3=0CTAVE-BAND CENTER FREQUENCY, liz

(c¢) 120° FROM INLET CENTERLINE

FIGURE 86. EFFECT OF FLAP SETTINGS ON DC-10-10/CF6-6D LOW-FREQUENCY FLYOVER NOISE

le = 198.1 M/SEC, V, = 9.45 M/SEC (FLAP SETTINGS OF 0 AND 15 DEGREES)

161




g

SOUND
PRESSURE
LEVELS

192,04 METERS LEVEL FLIGHT GROUND MICROPHON
emmmme 30" FLAI DEFLECT 10N R
- w507 FLAP DEFLECT 10N
- -t T e T .t~ T Lo i.’_:’ui"w L2, e

- /./
,_«M»a\ e ’/
- e e il
1 | SRS USRS SUNUN SRR SRR SN S

(a) 60° FROM INLET CENTERLINE

I 1

"R

1
)
I

— 2
e e

/

PR—

S

1 1 i 1 1 i

(b) 90° FROM INLET CENTERLINE

63

1/3=-0CTAVE=BAND CENTER FREQUENCY, Hez

(c¢) 120° FROM INLET CENTERLINE

125 250 500

FIGURE 87. EFEECT OF FLAP SETTING ON DC-10-10/CF6-6D LOW-FREQUENCY FLYOVER NOISE.

Vln

334.4 M/SEC, V, = 94.5 M/SEC (FLAP SETTINGS OF 30 AND 50 DEGREES.

162




.
Y
i
n
i
L

SPL - PRAK 8PL
(4B)

SPL - PEAK SPL
(dB)

' i
? | !
o PLUSH-MOUNTED GROUND MICROPHONE
o SINGLE HNGINE BYMBOLS | Vip’
T L i |
Or ' N 2549,
~
pmpuy:;:;p /'!j ‘\ '\ PRV |
SPECTR . '
St (ref, 20 / / l\ \'\ 421.0
==\/'// \\ ' . 201, 8
-10F /' / ]
¥ \
1o} // .
*
// \
// "
-20" ¢ ’
/ "
=25 { L L L ] ! 1 J
-1 .6 ’102 -008 -00‘ 0.0 004 008 102 1.6
I'0610(‘/‘1»0(:01:)
(s} DC-9-30/JT8D-109 CORE NOISE
o FLUSH-MOUNTED GROUND MICROPHONE )
3Py
M/S
PREDIOTED % | 268.2
0 ?pggtmgg) P : % | 2414
rete —\/./ o o | 211.8
0 A .
-5 | /) 192.6
/oy
o/
//
-10 ‘'
7/
/ 7/
.15 | ;7
r o/
//
/
=20 | /
25 i 1 1 | I DR ISR S|
-1,2 =0,8 0.4 0.0 0.4 0.8 1.2 1.6

Logyo(2/2peax)

(b) DC-10-40/4T9D-59A CORE NOISE

FIGURE 88. COMPARISON OF MEASURED AND ANOPP PREDICTED CORE-NOISE SPECTRAL SHAPES
FOR DC-9-30/JT8D-108 AND DC-10-40/JTOD-59A AT 45.7-METER RADIUS AND 76.2M/SEC
AIRCRAFT VELOCITY

163




OASPL £1ight - OASPLs tatic’ A OASPL, dB

0 O MEASURED
- wmmmems PREDICTION (ref, 20)
0O ( mn V.
- o R, B
o .
P 4] -
wf} - o \(J o
() N
il
T Lr.mj_,__4,, 1 oed ek e e
20 40 60 Ho 100 120 140 160
ANGLE FROM INLET, DEG
(a) vjp = 489.2 M/SEC AND V_ = 90.8 M/SEC
0 —
e ....g“‘“‘
wd - L o 6.
) ° o T
(o] ; '\,Q
-8 o~
o ™
-f? -
-i6 i ) T | [P S R I |
20 40 60 a0 100 120 140 160
ANGCLE FROM INLET, DEG
(b) VJP = 446.5 M/SEC AND V{c1 = 93,3 M/SEC
0 r
TR 0
-4 *-0. o
®. )
-
\\
B8 Q ~
™~
&)
-12 - o
-lb 1 i I | S RS IR |
20 40 60 80 100 120 140 160
ANGLE FROM INLET, DEG
(c) vjp = 391,7 M/SEC AND \Ia » 90,2 M/SEC

FIGURE 89. COMPARISON OF MEASURED AND ANOPP PREDICTED JET-NOISE REDUCTIONS FOR
DC-9-30/JT8D-109 IN FLIGHT AT 45.7-METER RADIUS (CONTINUED)

164




0 @ MEASURED
—— m— PREDICTION  (yoi, 20)
o
R R
“~MQ
A
-l O e
v .
.t ¢
(1]
[ 0
I L i TSRS L S RO
, 20 40 60 by 100 120 140 160
ANGLE FROM INLET, DEG
, (d) vjp = 373.4 M/SEC AND Vr1 a 90,5 M/SEC
3
. Q
g B
9 =4 e} o o 6 o)
Y ° e
It e,
8 R ~.
@ N
o ° o
g -12 -
S
[}
- =16 1 Lo i I [ S
fo 20 40 60 80 100 120 140 160
E ANGLE FROM INLT, DEG
=
B (e) Vjp = 334.7 M/SEC AND Va = 89.6 M/SEC
S
°r
—— S
L -4 | -] s S
[»} e
e
. -8 T -
(¢ =
[¢]
-1p |
) [ S Y T TR e
20 40 60 B0 100 120 140 160

ANGLE FROM INLET, DEG

(£) vjp = 321.6 M/SEC AND V‘l = 78.6 M/SEC

FIGURE 89. COMPARISON OF MEASURED AND ANOPP PREDICTED JET-NOISE REDUCTIONS FOR
DC-9-30/JT8D-109 IN FLIGHT AT 45.7-METER RADIUS

165




0 O MEABURED —

i —— PRFDICTION (REF 20)
00 g O aan

—.4 - M

. ‘LB\\

=12 1- o]

-10L T | L | | N

- - |
20 40 60 80 100 120 140 160
ANGLE FROM INLET, DEG

(a) V” » $02.9 M/SECAND V, = 98.6 M/SEC

2 0 -
1
5
Q
-d
2 Ll
|
£
o -16L. 4 [T T S I GRS |
3 20 40 60 80 100 120 140 160
§ ANGLE FROM INLET, DEG
° (b) v, = 4938 M/SEC AND V, = 103.0 M/SEC

(-

o O o)
(o}
o Y o,

-4

..8 L

_12»

-161 L \ | ] b d 1

20 40 60 80 100 120 140 160
ANGLE FROM INLET, DEG

(¢) Vh) = 480.0 M/SEC AND v, = 101.6 M/SEC

FIGURE 90. COMPARISON OF MEASURED AND ANOPP PREDICTED JET-NOISE REDUCTIONS FOR
DC-10-40,JTOD-59A IN FLIGHT AT 45.7-METER RADIUS

166

_—




O MEASURED
—— PREDICTION (REF 20)

(9]
4 \\\ ©
\\\(.')
~__ 0
~
-8 | ~
AN
\'.
Lo

-16

OASPL, \out ~ OASPL 1A vic AOASPL, dB

FIGURE 90, COMPARISON

DC-10-40/JT9D-59A IN FLIGHT AT 45.7-ME

-

-~ L. | ] \ :
20 40 60 80 100 120 140 160
ANGLE FROM INLET, DEG

(d) Vlo = 452.6 M/SECANDV = 98.6 M/SEC

V .
| (o}
-4 + O ' o
'. Y
t N
-8 |- Q\\
~
0 .
-12 {-
O

AB e et - A [N DU od el
20 40 60 80 100 120 140 160

ANGLE FROM INLET, DEG

(e) le = 4358 M/SECAND V = 96.6 M/SEC

°f
-431. .O\OQ\O\O\G\Q\Q\
i B

_8 o O\
~
O e
12
O
-16 | | 1 | { \ !
20 40 60 80 100 120 140 160

ANGLE FROM INLET, DEG

" le = 426.7 M/SECAND V- 96.0 M/SEC

PP PREDICTED JET-NOISE REDUCTIONS FOR

OF MEASURED AND ANO
TER RADIUS (CONTINUED)




FIGURE 91. COMPARISONS OF MEASURED AND ANOPP PREDICTED JET-NOISE SPECTRAL SHAPES
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